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General introduction
Introduction
The head is a complex three-dimensional structure and it is of great importance 
to assess a patient’s facial deformity - such as a dysgnathia - in all three 
dimensions. The facial soft tissues (e.g. skin, connective tissues, fat and 
muscles), the facial skeleton (e.g. bone and cartilage) and the dentition are
o
three groups of facial structures, which are referred to as a triad3. The facial 
skeleton and the dentition support the overlying facial soft tissues and 
determine the features of the facial soft tissue surface. Moreover, the relational 
proportions between these facial structures determine to what extent the facial 
deformity is visible or camouflaged. This asks for a diagnostic approach that 
goes beyond the conventional methods of facial analysis.
In the early days (1920-50) orthodontists as well as oral and maxillofacial (OMF) 
surgeons were restricted to the use of two-dimensional (2D) imaging techniques 
such as light photography and radiography to analyse the facial and skeletal 
structures. Dental plaster casts were the only three-dimensional records 
available to the orthodontist and OMF surgeon, albeit restricted to the dentition 
and the alveolar process. Although not intended, this may have caused an 
overestimation of the importance of the dental component of the facial 
deformity, while underestimating the other components.
In 1972 Cormack12 and Hounsfield24 introduced computer tomography (CT), 
which enabled the clinician to display different axial images of patients and even 
to render 3D volumetric milled6,7,31, a two stage resin8,14,19 or a 
stereolithographic4,16,17,33 model from these images. These models have enabled 
the OMF surgeon to plan an osteotomy outside the operating theatre and to 
transfer the planning to the living patient. Basically, these models can be seen 
as the base of current digital 3D imaging and image fusion.
Three-dimensional opportunities and challenges
The introduction and tremendous developments of (3D) imaging techniques in 
the last three decades of the 20th century, such as 3D stereophotogrammetry, 
magnetic resonance imaging (MRI), multislice CT (MSCT) and cone-beam CT 
(CBCT) scanning, have created new opportunities for researchers and clinicians 
to truly virtually assess a facial deformity in three dimensions, which include the 
following fundamentals for current 3D imaging:
1. the possibility to visualise three-dimensionally the facial soft tissue 
surface1,20,22,26,27,28,29,32, the facial skeleton2,24,34 and the dentition5,21,36,
2. the possibility to work on a patient in a virtual operating room39,40,
3. the possibility to analyse a patient with CT based 3D cephalometry41,42,
3
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4. the possibility to superimpose and compare pre- and postoperative data
sets9,10,11,23’ and
5. the possibility to fuse facial soft tissue surface and facial skeleton18,30 
data sets and facial skeleton and dentition15,35,38 data sets.
If these achievements were to be further developed, translated and 
implemented into accurate and photorealistic models, even more objectives 
could be realised, such as
1. the extension of 3D cephalometric analysis from (CB)CT derived data to 
3D photographic data,
2. the estimation of the added value of CBCT imaging in the field of 
orthognathic surgery,
3. the assessment of the accuracy of the available image fusion processes 
of the techniques mentioned above,
4. visualisation of the triad as one 3D data set in a virtual operating room,
5. the ability to capture the triad with optimal quality with one imaging 
technique, and
6. long term evaluation of surgical outcome and development of an 
accurate prediction model concerning facial soft tissue surface and facial 
skeleton changes of patients based on pre- and postoperative 3D data of 
surgical patients.
The 3D lab and 3D project
The present study is part of a larger 3D project with the main objective to 
enhance the accuracy of 3D imaging, especially with regard to image fusion of 
the facial soft tissue surface, facial skeleton and the dentition and to implement 
these techniques in daily clinical practice. In order to reach these goals a 3D lab 
has been setup in the Radboud University Nijmegen Medical Centre, Nijmegen, 
the Netherlands (RUNMC) in 2005. Three keystones are essential to achieve 
the main objective of the 3D project.
Firstly, a close cooperation between technical engineers, medical researchers 
and clinicians is needed to consider a clinical problem from different viewpoints 
and to think and act beyond the regular path. A strong and open minded 
interaction between technical and medical researchers of the 3D lab and 
professionals from the orthodontic and the OMF departments has created such 
a working environment in which any input from other partners and third parties 
is welcomed. For example, in order to enhance and share knowledge with 
regard to 3D imaging and image fusion, an international collaboration between 
Nijmegen and Bruges has been set up (3D Facial Imaging Research Group 
(FIRG)) to keep up with the fast developments.
4
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Figure 1. Overview o f the three major research lines defined within the Nijmegen 3D lab. 
FSTS = facial soft tissue surface; FS = facial skeleton; DT = dentition
5
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Secondly, the use and upgrading of high tech hardware and up-to-date software 
enables the acquisition, composition, analysis and improvement of the 3D data 
sets. This creates an environment which enables the routinely use and 
implementation of 3D imaging in the field of implantology, orthognathic surgery 
as well as in head and neck reconstructive surgery for treatment planning, 
prediction and follow up.
Thirdly, the availability of a considerable patient population undergoing facial 
surgery or orthodontic treatment enables the set-up of a databank with a large 
amount of pre- and postoperative patient data, which is a necessity, for 
instance, to design a prediction model to preoperatively simulate the surgical 
outcome.
Based on the main clinical activities of the participating departments, three 
major research themes have been defined within the 3D lab (Figure 1):
1. dento-alveolar surgery, especially implantology,
2. facial surgery, especially orthognathics and cleft lip and palate treatment, 
and
3. oncology, especially head and neck reconstructive surgery.
At first, each research theme itself was split up in facial soft tissue surface, 
facial skeleton and dentition research projects. While technology developed 
further, however, the focus has shifted from singular to fused data sets of facial 
soft tissue surface, facial skeleton and dentition to deal with the six objectives 
listed above. This shift has greatly influenced the content of this thesis, which is 
part of the second research theme.
Figure 2. Authors impression o f thesis outline with shift from individual 3D imaging techniques to 3D 
image fusion models. Chapter 2: research regarding the facial soft tissue surface; chapter 3 & 4: 
research regarding the facial skeleton; chapter 5: research regarding the facial soft tissue surface and 
the facial skeleton; chapter 6 & 7: research regarding fusion models and especially the 3D virtual head.
6
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Aim and overview of the thesis
Originally, the aim of this thesis was to study the long term effects of skeletal 
displacements by orthognathic surgery on the overlying facial soft tissues. 
Thereto, technical issues had to be solved first. Consequently, the main 
objective of this thesis was adjusted to ‘improvement of the quality of 3D 
imaging and image fusion processes and building up a 3D virtual head for 
orthognathic surgery’. This explains the current outline of this thesis (Figure 2).
In 2005 the sole hardware of the 3D lab consisted of a stereophotogrammetrical 
camera setup (3dMDfaceTM System, 3dMD Ltd, Atlanta, USA), which was used 
to collect 3D photographs of the facial soft tissue surface. Besides 3D 
environments to view and analyse the 3D photographs (3dMD patientTM 
Software Platform version 1.0, 3dMD Ltd, Atlanta, USA) and the digital dental 
models (Digimodel, Orthoproof®, Nieuwegein, the Netherlands), a virtual 
operating room was available in the software package Maxilim® (Medicim NV, 
Mechelen, Belgium) to virtually perform an osteotomy of the jaws on a 3D 
reconstruction of the facial skeleton39. 3D photographs could be imported into 
the virtual operating room, but it was not possible to apply the existing 3D 
cephalometric soft tissue analysis42, as it was based on (CB)CT data. Since 
hard tissue landmarks are not available in a 3D stereophotogrammetrical data 
set, new soft tissue landmarks had to be defined and tested on their 
reproducibility and accuracy before they could be used in a clinical setting 
(chapter 2).
In 2006, the first CBCT scanner with a vertical scanning position of the patient 
(i-CATTM 3D imaging system, Imaging Sciences, International Inc., Hatfield, 
USA) of the Netherlands was placed at the dental department of the RUNMC as 
part of the 3D lab. With this device it became feasible to collect a large amount 
of pre- and postoperative patient data while exposing these patients to a much 
lower radiation dose as compared to MSCT. From that moment on, both the 
facial soft tissue surface and the facial skeleton of patients involved in research 
projects of all three research lines have been captured on a regular base and 
data collection has been standardised. The Medical Ethical Commission 
Arnhem-Nijmegen has approved this protocol (protocol 181/2005).
The implementation of 3D imaging in the daily practice of orthognathic surgery 
has led to a new insights, which were the fundament for chapter 3 and 4. At 
first, clinicians were a bit reserved to use 3D data sets and to implement them in 
their surgical planning. They were especially reluctant to abandon dental plaster 
casts for the planning of orthognathic surgery. At some point, however, the 
clinicians have realised that the preoperative 3D data sets do contain useful 
additional information for orthognathic surgery. Performing for instance a
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bilateral sagittal split operation, one of the most performed orthognathic 
surgeries13,25,37,43,44, the inferior alveolar nerve is at risk during the horizontal, 
vertical osteotomy and the split procedure itself. Preoperative knowledge 
concerning the track of the inferior alveolar nerve and the morphological 
characteristics of the mandible can prevent nerve damage and even reduce the 
risk at a bad split. Coincidentally, collecting postoperative 3D images of the 
facial skeleton, enabled to review the surgical split. This method of preparation 
has triggered the surgeons as well as the engineers to review the 3D 
reconstructed postoperative data as well to check the surgical outcome of the 
split, since the latter is not clearly visible during the surgical procedure. This is 
an exquisite example of the interaction between physicians and engineers: the 
technicians were mostly interested in correct matching procedures between the 
different data sets, while the surgeons wanted to review their surgical result. 
The first had never looked at the data that way, but could easily facilitate the 
surgeon’s request: simply by rotating the 3D volumetric reconstruction of the 
facial skeleton to a dorsomedial view, the lingual split pattern in bilateral sagittal 
split osteotomies (BSSO) became visible. Based on this information, a new aim 
was set: to describe the added value of 3D imaging in orthognathic surgery and 
the variations of the sagittal split osteotomy (chapter 3).
Theoretically, the variations in the lingual split pattern in a BSSO procedure 
could affect the positional movements of the different mandibular segments. 
The study described in chapter 4 aimed to analyse the influence of the different 
split patterns upon these displacements.
In order to study the effect of orthognathic surgery, the next logical step was to 
fuse a stereophotogrammetry image of the facial soft tissue surface with a 3D 
reconstruction of based on the CBCT image into one data set. The aim of the 
study presented in chapter 5 was to test the accuracy of a fusion model of the 
facial soft tissue surface and facial skeleton.
It was known from the start of the 3D lab, that image fusion and 3D imaging of 
the facial soft tissue surface and facial skeleton only, would not deliver a 
complete virtual head. An accurate digital model of the dentition had to be 
added, because the latter was in fact the missing link to completely visualise the 
viscerocranium in three dimensions. Such a 3D virtual head could be used for 
documentation, treatment planning and prediction of surgical outcome in 
patients with a dysgnathic deformity. The aim of the review performed in 
chapter 6 was to evaluate the advantages and disadvantages of the currently 
available integral fusion models.
Finally, the clinicians and engineers of the 3D lab aimed to compose a 3D 
virtual head, that displays all three structures of the triad in a fusion model of
8
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sufficient quality without exposing the patient to unacceptable doses of ionising 
radiation. The technical aspects and characteristics of the fused 3D virtual head 
are described in chapter 7.
The aims and the related developments and outcome, derived from the process 
steps mentioned above, are discussed in chapter 8.
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Abstract
In 3D photographs the bony structures are neither available nor palpable, 
therefore, the bone-related landmarks, such as the soft tissue gonion, need 
to be redefined. The purpose of this study was to determine the 
reproducibility and reliability of 49 soft tissue landmarks, including newly 
defined 3D bone-related soft tissue landmarks with the use of 3D 
stereophotogrammetric images. Two observers carried out soft tissue 
analysis on 3D photographs twice for 20 patients. A reference frame and 49 
landmarks were identified on each 3D photograph. Paired Student’s t-test 
was used to test the reproducibility and Pearson’s correlation coefficient to 
determine the reliability of the landmark identification. Intra- and 
interobserver reproducibility of the landmarks were high. The study showed a 
high reliability coefficient for intraobserver (0.97 (0.90 - 0.99)) and 
interobserver reliability (0.94 (0.69 - 0.99)). Identification of the landmarks in 
the midline was more precise than identification of the paired landmarks. In 
conclusion, the redefinition of 3D bone-related soft tissue landmarks in 
combination with the 3D photograph reference system resulted in an 
accurate and reliable 3D photograph based soft tissue analysis. This shows 
that hard tissue data are not needed to perform accurate soft tissue analysis.
Evaluation of 3D soft tissue analysis using 3D stereophotogrammetry
Introduction
The two-dimensional (2D) representation of a three-dimensional (3D) subject is 
one of the major drawbacks of 2D imaging techniques227, such as 
cephalometry4 and (digital) photography18. 2D cephalometry places emphasis on 
hard tissue landmarks because their reproducibility is better than for soft tissue 
landmarks, which define the facial outline23. These shortcomings have caused 
an increase in the use of 3D imaging techniques25, such as reconstructions of 
Digital Imaging and Communications in Medicine (DICOM) files from multislice 
CT (MSCT) and cone-beam CT (CBCT) imaging10,20,27, facial surface laser 
scanning15,19 and 3D stereophotogrammetry22. Image fusions from 3D imaging 
datasets have the potential to provide a realistic and accurate virtual model of a 
patient’s head10,27. 3D images can be rotated, translated and zoomed, which 
gives the physician and patient a realistic perception of the effects of planned 
orthodontic and surgical treatment8,13,27. 3D representations of the maxillofacial 
region are desirable for documentation, treatment planning, prediction and the 
long-term evaluation of treatment outcome.
Facial balance or harmony is one of the major treatment goals in orthodontics 
and orthognathic surgery. Holdaway stated that additional information from the 
structures overlying hard tissues was more meaningful than the hard tissue 
itself14. 3D cephalometric analysis of the soft tissues is of major importance. 
Multiple soft tissue analyses have been introduced for lateral 
cephalograms14,17,24, facial pictures1,6, CT-derived 3D images5,25,27, facial surface 
laser scanned images15,19 and 2D or 3D (stereo)photographs7,22. 3D 
cephalometry hard and soft tissue analyses using a Cartesian coordinate 
system have been described9. These are based on 2D lateral and antero­
posterior cephalograms, and are a representation of the midsagittal plane and 
the projected frontal plane. Recently, 3D cephalometric hard tissue and soft 
tissue analyses, based on a CT-based reference frame have been introduced 
too25,27. These analyses are applicable after superimposition of a 3D photograph 
on the reconstructed CT scan. If CT data are not available, and 3D photographs 
are the only available diagnostic tool, some bone-related soft tissue landmarks 
cannot be identified. Consequently, a redefinition of bone-related soft tissue 
landmarks was necessary. The purpose of this study was to determine the 
reproducibility and reliability of 49 soft tissue landmarks, including the newly 
defined 3D bone-related soft tissue landmarks with the use of 3D 
stereophotogrammetric images only.
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Figure 1. 3D photograph based soft tissue analysis shown on a frontal, three-quarter, and 
profile view o f reconstructed 3D photograph.
Subjects and methods
Subjects
3D photographs of 20 adult Caucasian individuals without any facial deformities 
(10 males, 10 females) were randomly selected from the department’s 3D 
database. The mean age of the individuals was 33.3 years (range 23 - 72 
years). Complete coverage of both ears in the 3D photograph was mandatory to 
enable the setup of the reference frame (Figure 1).
Imaging methods
The 3D photographs of the face were captured with a 3D 
stereophotogrammetrical camera setup and the software program Modular 
System v1.0 (3dMDfaceTM System, 3dMD Ltd, Atlanta, USA). The camera setup
Figure 2. Step 1 o f the setup o f the 3D photograph based reference frame. The reference frame 
was set up for each 3D photograph by each observer prior to landmark identification. Marking o f 
the canthal line by selecting both exocanthia.
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consisted of two pods, each equipped with three digital cameras and a flash. 
Prior to its use, the camera was calibrated to define a 3D coordinate system for 
the 3D photograph, which was referred to as the original 3D coordinate system. 
The 3D photographs were taken in the natural head position, while the patients 
had their eyes open. In order to achieve the natural head position and habitual 
occlusion, patients were asked to swallow and to keep their molars in occlusion 
after swallowing, while looking at themselves in the mirror with their habitual 
facial expression. The .tsb file was opened using the software program 
3dMDpatient v2.0 (3DMDpatientTM Software Platform, 3dMD Ltd, Atlanta, USA) 
and directly exported as a ‘wavefront object’ file (.obj file) to enable import of the
Figure 3. Step 2 o f the setup o f the 3D photograph based reference frame. The patient was rotated 
in this plane to the canthal - superaural line (yellow).
3D object in Maxilim® version 2.0.1 (Medicim NV, Mechelen, Belgium). Without 
any editing the .obj file was saved as ‘maxilim’ file (.mxm file) for further use.
3D photograph based reference frame
The cartesian 3D photograph based reference frame was developed by two of 
the authors (G.S. and F.S.)28. The cephalometry plug-in tool of Maxilim® was 
used to set up the Cartesian coordinate system. The canthal line was marked 
by selecting both exocanthia (Figure 2). The patient was rotated in this plane to 
the canthal - superaural line (Figure 3).
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Figure 4. Step 3 o f the setup o f the 3D photograph based reference frame. Finally, the 'pupil 
reconstructed point’ was marked, defined as the point located at the midline o f the nose at the level o f 
the interpupillary line.
The ‘pupil reconstructed point’ was marked, defined as the point located at the 
midline of the nose at the level of the interpupillary line (Figure 4), resulting in 
the 3D photograph based reference frame (Figure 5). This reference frame was 
set up for each 3D photograph by each observer prior to landmark identification.
Figure 5. 3D photograph based reference frame defined for the patient. The horizontal plane was 
automatically calculated 7 degrees below the cantion - superaural line, along the horizontal direction o f 
the natural head position and through the pupil reconstructed point. The vertical plane was computed 
as a plane perpendicular to the horizontal plane and along the horizontal direction o f the natural head 
position. The median plane was computed as a plane perpendicular to the horizontal and the vertical 
planes.
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Landmark identification
A 3D CT-based soft tissue analysis25,26,27 was used as a guideline to define the 
3D photograph based soft tissue analysis. The 3D photograph soft tissue 
analysis consisted of 49 landmarks (Table 1). Two observers (a resident in oral 
and maxillofacial surgery (J.P.) and an orthodontic resident (F.R.)) 
independently set up the reference frame and identified the selected landmarks 
twice on each of the 3D photographs. This was done with an intervening period 
of four weeks to prevent memory bias. After completing the landmark 
identification, the orthogonal measurements were automatically computed and 
exported to Exceli (Microsoft Office 2003, Microsoft Corporation, Redmond, 
USA). All orthogonal measurements were exported in relation to the 3D 
photograph based reference frame (Method 1) and in relation to the original 3D 
coordinate system (Method 2). The latter method was used to exclude an 
increase or decrease of the either the reproducibility or the reliability of the 
landmark identification by a method error of the 3D based reference frame 
setup. The Euclidean distance between two landmarks, for example A1 (x A1, 
y A1, z A1) and A2 (x A2, y A2, z A2) was calculated with the formula
a / ( X A1 -  X A2 )2 + yA1 - yA2 ) 2 + ZA1 - Z A2 ) 2 ■
Statistical analysis
The total of 11760 orthogonal measurements from method 1 and method 2 
were stored in two different datasheets. The statistical data analysis was carried 
out with the SPSS software program, version 14.0 for windows (SPSS Inc, 
Chicago, USA). Paired Student’s t-tests were used to calculate the intra- and 
interobserver reproducibility of the landmark localisation between similar points 
for repeated measurements (mean difference) and to test for statistical 
significant differences. A mean difference less than 0.5 mm was considered 
highly accurate12. A mean difference between 0.5 and 1.0 mm was less 
accurate, but clinically irrelevant. A mean difference greater than 1.0 mm was 
defined as clinically relevant. The measurement error (ME) was calculated as 
the standard deviation (SD) of the mean difference divided by V2. The threshold 
of significance for reproducibility was set at P < 0.05. The reliability coefficient 
indicates coherence between two separate measurements of corresponding 
landmarks. For both intra- and interobserver comparisons the Pearson’s 
correlation coefficient was used to calculate the reliability coefficients between 
the first and second measurements of a landmark. A correlation coefficient 
higher than 0.8 was defined as reliable.
Results
A total of 49 landmarks were identified twice by two observers on twenty 3D 
photographs. Owing to an error in the saving process for the 3D photographs,
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Table 1. Definitions o f 49 landmarks o f the 3D photograph based soft tissue analysis.
Landmark Abbreviation Definition
alar curvature ac The point located at the facial insertion of the alar base
alare al The most lateral point on each alar contour
columella cc The midpoint of the columella crest at the level of the nostril
constructed point top points
cheilion ch The point located at the each labial commissure
christa philtri cph The point at each crossing of the vermilion line and the 
elevated margin of the philtrum
endocanthion en The soft tissue point located at the inner commissure of the 
each eye fissure
exocanthion ex The soft tissue point located at the outer commissure of the 
each eye fissure
glabella g The most anterior midpoint on the fronto-orbital soft tissue 
contour
labiale superius ls The midpoint of the vermilion line of the upper lip
nostril base nb The lowest point of the left nostril
nostril top nt The highest point of the left nostril
orbitale superius* os The most superior soft tissue point of the lower border of each 
eyebrow
pronasale prn The most anterior midpoint of the nasal tip
sellion se The most posterior point of the frontonasal soft tissue contour 
in the midline of the base of the nasal root
subnasale sn The midpoint on the nasolabial soft tissue contour between 
the columella crest and the upper lip
orbitale* or The soft tissue point located at one distance of the normal 
opened eye down from each lower eyelid
soft tissue zygion* st zy The soft tissue point located at each intersection of the lines 
orbitale -  soft tissue porion and exocanthion - subaurale
subspinale ss The most posterior midpoint of the philtrum
inferior stomion st(i) The midpoint of the upper border of the lower lip
upper stomion st(u) The midpoint of the lower border of the upper lip
tragion* t The point located at the most concave point of the insertion of 
the upper margin of each tragus
trichion* tr The point located at hairline in the midline of the forehead
labiale inferius li The midpoint of the vermilion line of the lower lip
soft tissue gonion* st go The most lateral point on the soft tissue contour of each 
mandibular angle located at the intersection of the tangent 
lines of the posterior border and the inferior border of the 
margin of the lower face
sublabiale sl The most posterior midpoint on the labiomental soft tissue 
contour that defines the border between the lower lip and the 
chin
soft tissue pogonion pg The most anterior midpoint of the chin
soft tissue gnathion* st gn The most inferior midpoint of the soft tissue contour of the 
chin. Note that this point is not necessarily located in the 
same line as the menton
soft tissue gnathion st gn t The point localised on the midline tangent of the chin contour
tangent posterior to gnathion
soft tissue porion* st po The point located at each insertion of the crus helices in the 
cavitas conchalis
superaurale sa The highest point on the free margin of each auricle
subaurale sba The lowest point on the free margin of each ear lobe
pupil reconstructed prp The point located at the midline of the nose and the bipupilar
point line
soft tissue pogonion st pg t The point located at the intersection of the anterior and
tangent* inferior tangent line of the chin, projected on the midline of the 
chin
Newly defined landmarks are marked with an asterisk*.
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Table 2. Number and percentage o f landmarks in relation to the mean differences, 
divided into three groups, o f 49 landmarks for observer 1, observer 2, and between 
observers, when using the 3D reference frame.
Mean difference
Observer < 0.5 mm 0.5-1.0 mm > 1.0 mm
N % N % N %
Intra-observer 1 37 76% 8 16% 4 8%
Intra-observer 2 45 92% 4 8% 0 0%
Interobserver 39 80% 9 18% 1 2%
the data of six patients could no longer be matched. This error was independent 
of the soft tissue analysis. The data for these six patients were unreliable and 
not used for statistical analysis. This resulted in sixteen patients for observer 1, 
seventeen patients for observer 2 and fourteen patients for the interobserver 
calculations. Tables 2 and 3 show the number of landmarks in relation to the 
mean differences for the 3D reference frame and the original 3D coordinate 
system, respectively. In relation to the 3D reference frame, observer 1 identified 
two landmarks and observer 2 identified three landmarks with a statistically 
significant difference (intra-observer error 1 and 2) (Table 4). Concerning the 
interobserver error, three landmarks were identified with a statistically significant 
difference. No statistically significant differences between the two observers 
were found for 46 landmarks. In relation to the original 3D coordinate system, 
there was a statistically significant difference for the intra observer error in four 
landmarks for observer 1 and five landmarks for observer 2 (Table 4). 
Concerning the interobserver error, eight landmarks revealed a statistically 
significant difference between observer 1 and 2. When using the 3D reference 
frame the mean intra-observer measurement error was 0.99 mm for observer 1 
and 0.67 mm for observer 2. The interobserver measurement error was
0.96 mm (Table 5). When using the original 3D coordinate system the mean
Table 3. Number and percentage o f landmarks in relation to the mean differences, 
divided into three groups, o f 49 landmarks for observer 1, observer 2, and between 
observers, when using the original 3D coordinate system.
Observer
Mean difference
< 0.5 mm 0.5 - 1.0 mm > 1.0 mm
N % N % N %
Intra observer 1 43 88% 4 8% 2 4%
Intra observer 2 41 84% 7 14% 1 2%
Interobserver 35 71% 8 16% 6 12%
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Table 4. Intra- and interobserver mean differences and P - values for those variables that showed 
significant differences in relation to the 3D reference frame and the original 3D coordinate system.
3D reference frame original 3D coordinate system
intra-observer
observer 1
2 landmarks mean differences (mm) P 4 landmarks mean differences (mm) P
left alar curvature 1.56 0.002 columella constructed point 0.52 0.042
right alar curvature 1.14 0.15 left nostril top 0.30 0.045
soft tissue gnathion 1.50 0.041
right orbitale 0.47 0.011
observer 2
3 landmarks mean differences (mm) P 5 landmarks mean differences (mm) P
columella constructed n0.46point 0.010 columella constructed point 0.63 0.004
right alar curvature 0.67 0.005 left nostril top 0.34 0.037
right alare 0.46 0.031 right nostril top 0.30 0.022
superaurale 0.24 0.360
left soft tissue zygion 0.56 0.026
interobserver
3 landmarks mean differences (mm) P 8 landmarks mean differences (mm) P
left endocanthion 0.44 0.029 left alare 1.41 0.001
left nostril top 0.95 0.041 right alare 1.10 0.005
right nostril top 0.84 0.021 right christa philtri 0.43 0.048
right exocanthion 0.19 0.015
right nostril base 0.62 0.007
right soft tissue gonion 3.49 0.019
subnasale 0.74 0.032
left tragion 1.07 0.003
intra-observer measurement error was 1.00 mm for observer 1 and 0.65 mm for 
observer 2. The interobserver measurement error was 0.88 mm (Table 6).
Table 5 gives the intra- and interobserver reliability in relation to the 3D 
reference frame, expressed as Pearson’s reliability coefficient. For intra­
observer 1 and 2 no landmarks with a reliability coefficient smaller than 0.8 
were found. For the interobserver calculations only the right soft tissue gonion 
landmark had a reliability coefficient of 0.7, whereas all others had a reliability 
coefficient of 0.8 or higher. In relation to the original 3D coordinate system all 
reliability coefficients were bigger than 0.98 (Table 6).
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Table 5. Mean differences (mm), reliability coefficient (Pearson’s correlation coefficient), and 
measurement error (mm) within and between observers in relation to the 3D reference frame.
Observer Mean differences (range)
Reliability coefficient 
(range)
Measurement error 
(range)
Intra-observer 1 0.42 (0.00 - 1.92) 0.95 (0.83 - 0.99) 0.99 (0.55 - 3.34)
Intra-observer 2 0.22 (0.01 - 0.67) 0.97 (0.90 - 0.99) 0.67 (0.24 - 2.19)
Interobserver 0.32 (0.01 - 1.05) 0.94 (0.69 - 0.99) 0.96 (0.38 - 4.20)
Discussion
The aim of this study was to evaluate the reproducibility and reliability of 49 soft 
tissue landmarks for a cephalometric soft tissue analysis with the use of 3D 
photographs. In 3D photographs the bony structures are neither available nor 
palpable. Therefore, the bone-related landmarks, such as the soft tissue gonion, 
soft tissue zygion and orbitale needed to be redefined. This study revealed a 
high reproducibility and reliability for most of the landmarks. Identification of the 
landmarks in the midline was more precise than identification of the paired 
landmarks. Identification of landmarks on the ear (paired soft tissue porion and 
paired tragion) and nose (paired alare and paired alar curvature) was less 
accurate. Compared with endocanthion, exocanthion, christa philtri and cheilion, 
these landmarks are not easy to identify5. Some of them are not easy to locate 
on facial pictures either. A mean difference of 0.32 mm with a range of 0.01 - 
1.05 mm is relatively small compared with a mean difference of 1 - 2 mm 
described for anthropometric methods6. Recently, the quality of 3D photographs 
has improved, especially at the level of the ears, hairline and nasal base, which 
may increase the reproducibility and reliability of these landmarks.
Previous investigations on the reproducibility and reliability of the landmark 
identification of 3D stereophotogrammetry11,12, CT- derived images5,21 or laser 
scanned surfaces3 have calculated the differences between similar landmarks 
per coordinate. This means that a landmark has a different value for the x-,y- 
and z- coordinate. With that method the actual 3D distance or the actual 3D
Table 6. Mean differences (mm), reliability coefficient (Pearson’s correlation coefficient), and 
measurement error (mm) within and between observers in relation to the original 3D coordinate system.
Observer
Mean differences 
(range)
Reliability coefficient 
(range)
Measurement error 
(range)
Intra-observer 1 0.26 (0.02 - 1.50) 0.99 (0.98 - 0.99) 1.00 (0.15 - 3.76)
Intra-observer 2 0.25 (0.01 - 1.23) 0.99 (0.99 - 0.99) 0.65 (0.12 - 3.06)
Interobserver 0.44 (0.01 - 3.45) 0.99 (0.98 - 0.99) 0.88 (0.18 - 4.06)
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difference between two similar landmarks remains unclear. The reproducibility 
and reliability of landmarks used for 3D cephalometry should be calculated in a 
3D mode. In the present study the mean differences of the actual distance 
between two similar landmarks were calculated. The intra-observer 
reproducibility of 45 landmarks was less than 0.5 mm, which means that even in 
a 3D mode, these landmarks can be identified accurately. The interobserver 
differences of 39 landmarks were less than 0.5 mm, which is more reliable than 
reported by Gwilliam et al., who found only 4 out of 24 landmarks to be 
reproducible11.
In contrast to indirect anthropometry or 2D photogrammetry, it is not necessary 
to indicate these soft tissue landmarks on the patient’s skin prior to capturing 
the 3D image627. With regard to these techniques, Farkas et al. reported that 
hard tissue points were easier to localise than soft tissue landmarks6. 
Cavalcanti found similar results for the reproducibility of hard and soft tissue 
landmarks on CT-derived data with 3D reconstructed data5. The results of the 
present study show that new definitions of bone-related landmarks provide 
reproducible and reliable landmark identification based on a single 3D 
photograph with the need for underlying hard tissues.
Multiple points or reference frames, such as multiplane cephalometry9 and 
projection on a grid16, have been used to position the patient in a 3D 
environment. The latter limits a 3D imaging technique to a 2D measuring 
system, which leads to projection errors. Reference frames that are comparable 
with a Cartesian coordinate system have been used in many studies. Although 
different landmarks or algorithms are used to set the reference frame, the idea 
remains the same7,21,22. Swennen et al. introduced a reference frame applicable 
to 3D photographs without CT data28, which was used in this study. Only 
landmarks of the 3D photograph are used to setup the reference frame, limiting 
the need for radiation-based diagnostic tools. The system was tested for 
reliability on 20 subjects and revealed to be solid.
The 3D photographs used in this study showed irregularities around the corners 
of the eye (large polygons) and / or missing data around the ears. In this study 
the landmarks were also tested for reproducibility and reliability in relation to the 
original 3D coordinate system. For this reproducibility and reliability study, only 
the identification of a landmark was important, not the localisation towards the 
reference frame. By excluding the influence of the reference frame on the 
identified landmarks, a method error was excluded. When using the reference 
frame as a superimposition tool, for example in pre- and postoperative 
comparisons, for long term follow up or for projection of measurements on the 
reference frame, the rigidity of the reference frame is of major importance. If 
clinically relevant measurements are significantly influenced by the reference 
frame, it is necessary to include the reliability of the reference frame as it is 
setup individually for every new 3D photograph. As the reproducibility and
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reliability of the landmarks were comparable for both the reference frame and 
the 3D coordinate system, the use of the 3D reference frame is preferred for 
alignment of the datasets in both cross-sectional and longitudinal studies. In 
summary, when it is not feasible or ethically acceptable to use CBCT data for 
long term follow-up, such as in growth studies or in young patients with cleft lip 
and palate, 3D photographs and soft tissue analysis allow accurate and realistic 
documentation. Normative databases based solely on soft tissue data are not 
available but are urgently needed. For these applications it is important to use a 
rigid reference frame to enable interindividual matching of data. In conclusion, 
the new 3D soft tissue analysis using stereophotogrammetry proved to be 
accurate and reliable and could be used in growth studies.
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Abstract
The purpose of this prospective observational study was to evaluate whether 
cone-beam CT (CBCT) is a useful tool for analysing the fracture line in a 
bilateral sagittal split osteotomy (BSSO). The patient group consisted of 40 
consecutive patients (9 males and 31 females) with a mandibular hypoplasia 
who underwent a BSSO advancement (Hunsuck modification; N = 80 splits) 
between September 2006 and July 2008. The mean age at the time of 
surgery was 34 years (range 17 - 61 years). A newly developed lingual split 
scale was used to categorise the path of the fracture line on the lingual side 
of the ramus based on one-day postoperative data sets reconstructed from 
CBCT data. Although all splits (N = 80) were performed according to the 
standardised protocol, only 51% of the fracture lines run according to the 
Hunsuck's description, whereas 33% ran through the mandibular canal and 
16% split otherwise. The split pattern was influenced by the length of the 
medial osteotomy (P = 0.01). In conclusion, 3D imaging is a useful tool for 
analysing the surgical outcome of a BSSO and has the potential to provide 
substantial data on the position of the proximal segments as a result of the 
lingual fracture line.
3D evaluation of the lingual fracture line after a BSSO
Introduction
Bilateral sagittal split osteotomy (BSSO) is the most used orthognathic surgical 
procedure for the correction of mandibular dysgnathic deformities. The 
Obwegeser - Dal Pont osteotomy and the Hunsuck modification are frequently 
used to advance or set back the mandible2,4,18,19. When performing a BSSO, 
there is no visual control of the lingual split pattern that occurs during the split 
procedure. Postoperative nerve damage in a BSSO, might be a result of the fact 
that the exact split pattern is unknown during the surgery.
The surgical result of a BSSO is mainly evaluated using conventional X-rays, 
such as an orthopantomogram. This method does not allow a precise analysis 
of the split pattern. Recently, software platforms have been introduced to 
reconstruct a 3D model from (cone-beam) CT data to analyse 3D data in a 
virtual operating room (VOR). With these 3D models, a clear view of the lingual 
surface of the mandible can be achieved, enabling observation of the previously 
hidden lingual aspect of the fracture line. Until now, no studies have been 
performed to study the lingual surface of the mandible in three dimensions.
The purpose of this prospective observational study was to evaluate whether 
CBCT is a useful tool for analysing the lingual split in a BSSO and to evaluate 
the lingual split.
Materials and methods
Subjects
40 Caucasian patients with a symmetrical mandibular hypoplasia without a 
maxillary hypo/hyperplasia or an anterior open bite, (9 males and 31 females) 
were prospectively enrolled in this study and underwent a BSSO advancement 
between September 2006 and July 2008. All patients were older than 15 years 
with a mean age at the time of surgery of 34 years (range 17 - 61 years). 
Inclusion criteria were a non-syndromic mandibular hypoplasia (skeletal Class II 
deformity) and a signed informed consent. The exclusion criteria were a history 
of orthognathic surgery or simultaneously performed other orthognathic 
procedures, such as a Le Fort osteotomy or a chin osteotomy.
The study protocol (181/2005) was approved by the Medical Ethical 
Commission of the Radboud University Nijmegen Medical Centre, Nijmegen, 
The Netherlands.
Osteotomy technique
All surgical procedures were performed under general anaesthesia with nasal 
intubation. A BSSO with a Hunsuck modification4 to advance the mandible was 
performed in all patients. Two senior surgeons performed the split at one side, 
while they supervised a resident performing the other side. In some cases, both
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sides were operated on by a resident. The horizontal bone cut on the lingual 
surface (medial bone cut) was made just above the mandibular foramen and 
extended just dorsally of the foramen. The vertical bone cut on the buccal 
surface (buccal bone cut) was made behind the first molar. The bone cuts were 
then connected and the osteotomy was completed with a chisel. If third molars 
were present, they were removed simultaneously with the osteotomy. The distal 
segment of the mandible was advanced, and kept in position using an acrylic 
wafer and temporary intermaxillary fixation (IMF). The proximal segment was
Table 1. i-CAT™ 3D Imaging system specifications.
X-ray source high frequency, constant potential, fixed anode 120 kVp, 3 - 8 mA (pulse mode)
X-ray beam cone-beam
focal spot 0.5 mm
field of view 16 cm (diameter) x 22 cm (height)
image detector amorphous silicon flat panel 20 cm x 25 cm
voxel size 0.4 mm
gray scale 14 bit
scan time 40 seconds (extended height)
radiation dose 136 |jSv
gently pushed upward and backward to seat the condyle correctly in the fossa15. 
For fixation of the fragments, titanium miniplates with four screws were used 
(KLS Martin, Tuttlingen, Germany)13. The IMF was removed and the occlusion 
checked. The incision was closed with Vicryl Rapide®3.0 (Ethicon, Johnson & 
Johnson Company©, LLC, New Jersey, USA) and postoperatively, elastics and 
the acrylic wafer were placed (for one week) to stabilise the occlusion.
Figure 1. 3D reconstructed model o f the mandible. Lateral and lingual view from the right sight o f the 
mandible.
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Figure 2. Variations o f the path o f the split on the lingual side o f the ramus from a lingual view. Schematic 
drawings o f the four split patterns are displayed. The blue dotted line represents the medial bone cut, the 
yellow line the alveolar nerve and the red line the lingual split. LSS = Lingual Split Scale, pattern 1 to 4.
3D evaluation
CBCT scans with a field of view (FOV) of 22 x 16 cm and 0.4 mm voxel size 
were made one day postoperatively (i-CAT™ 3D Imaging System, Imaging 
Sciences International Inc, Hatfield, USA)(Table 1). The patients were scanned 
in an upright sitting position with the occlusal plane parallel to the horizontal 
laser positioning line of the scanner. The occlusion was determined by the 
elastics and the acrylic wafer. Data from the CBCT were exported in a DICOM 
format and rendered to hard tissue surface representations, which are referred 
to as a 3D object using Maxilim® software (Medicim NV, Mechelen, Belgium). 
The mandible was digitally isolated from the maxilla and skull and split in the 
midline. The left and right side of the mandible were rotated along the vertical 
axis to visualise the buccal and lingual surface of the ascending ramus of the 
mandible three dimensionally from a lateral and medial view (Figure 1).
To categorise the different split patterns a lingual split scale (LSS) was 
developed (Table 2, Figure 2). The LSS consisted of four categories based on 
the path of the fracture line on the lingual side of the ramus. In all cases, the 
split began at the distal end of the medial bone cut and followed one of the 
following paths:
Table 2. Characteristics o f the fracture line on the lingual side o f the ramus.
Split pattern of the lingual fracture line
LSS1 Vertical pattern of fracture line to inferior border of the mandible ('true' Hunsuck)
LSS2 Horizontal pattern of fracture line to posterior border of the ramus
LSS3 Fracture line through the mandibular canal to inferior border of the mandible
LSS4 Other patterns, i.e. a buccal plate fracture or a bad split
LSS = Lingual Split Scale, pattern 1 to 4.
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1. split type 1 (LSS1) fractured through or behind the mandibular foramen 
towards the inferior border of the mandible as described by Hunsuck4;
2. in split type 2 (LSS2) the medial bone cut extended towards the posterior 
border before bending to the inferior border of the ramus;
3. split type 3 (LSS3) fractured through the mandibular foramen and the 
mandibular canal towards the inferior border;
4. split type 4 (LSS4) included all other (unfavourable) fracture patterns, i.e. 
a buccal plate fracture or a bad split.
To evaluate the influence of the position of the end of the medial bone cut on 
the path of the lingual fracture line, the medial bone cuts were graded using the 
anterior border of the mandibular foramen as a cut off. In other words, grade A 
were medial bone cuts that ended in front and grade B were medial bone cuts 
that ended behind the anterior border of the mandibular foramen.
To define the error of method of the LSS and the length of the medial bone cut, 
an intra- and interobserver reliability test was performed. Two OMF residents 
(M.N. and J.P.) independently categorised 40 splits according to the LSS and 
40 medial bone cuts on the 3D objects in the VOR of 20 patients, which was 
repeated by one observer (J.P.) after 1 month to prevent memory bias. One 
observer (J.P.) analysed 80 splits and medial bone cuts on the 3D objects in the 
VOR.
Statistical analysis
All statistical data analyses were carried out with the SPSS software program, 
version 16.0 for Windows (SPSS Inc, Chicago, USA). The kappa-coefficient 
was used to calculate the intra- and interobserver reliability of the LSS. The 
influence of the presence of a third molar, the position of the end of the medial 
bone cut, gender and the surgeon's experience on the observed split pattern 
were calculated using crosstabs and the Fisher Exact test. These were also 
used to determine the influence of patient gender and surgeon's experience on 
the position of the end of the medial bone cut and the matching of left and right 
split patterns. Student's t-test was used to analyse the influence of age on the 
position of the end of the medial bone cut. An ANOVA was performed to 
analyse the influence of age on the split pattern.
Results
Subjects
The mean age at the time of surgery was 34 years (range 17 - 61 years). The 
31 female patients had a mean age of 33.7 (range 17.1 - 60.9) years and the 9 
male patients had a mean age of 36.2 (range 16.8 - 55.8) years. 80 splits were 
performed according to the standardised protocol. 27 splits were performed by
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Figure 3. Examples o f the different split patterns on the lingual side o f the ramus from a lingual view.
a senior surgeon, 51 by a resident supervised by a senior surgeon and 2 were 
unknown. 24 mandibular third molars were removed simultaneously with the 
osteotomy (Table 3).
3D evaluation
The 3D objects and the display of the 3D objects in the VOR were of very good 
quality. All rotational movements were possible, which visualised the lingual 
aspect of the mandible just as clearly as the buccal aspect during the surgical 
procedure itself. This enabled objective analysis of the lingual fracture line in 
three dimensions. The kappa-coefficient of the intra- and interobserver reliability 
was 0.95 (P = 0.000) and 0.69 (P = 0.000), respectively, for the LSS and 0.90 
(P = 0.000) and 0.78 (P = 0.000), respectively, for the grading of the medial 
bone cuts.
In more than half of the splits (N = 41; 51.3%) the fracture line was categorised 
as LSS1, whereas LSS2, LSS3 and LSS4 were seen in respectively N = 11 
(13.8%), N = 26 (32.5%) and N = 2 (2.5%) splits (Table 3). Examples of the 
lingual split pattern are shown in figure 3. In 23 patients (57.5%) the left and
Table 3. Distribution o f 80 splits on the lingual split scale (LSS), categorised both to gender and to length 
o f the medial bone cut. In grade A the medial bone cut ended 'in front’ o f the anterior border o f the 
mandibular foramen. In grade B the medial bone cut ended ‘behind’ the anterior border o f the 
mandibular foramen. The crosstabs and the Fisher exact test showed a statistically significant difference
between the end o f the position o f the medial bone cut and the lingual split pattern (P = 0.01).
Male Female Grade A Grade B Total
# % # % # % # % # %
LSS1 11 61.1 30 48.4 24 45.3 17 63.0 41 51.3
LSS2 0 0 11 17.7 5 9.4 6 22.2 11 13.8
LSS3 7 38.9 19 30.6 23 43.4 3 11.1 26 32.5
LSS4 0 0 2 3.2 1 1.9 1 3.7 2 2.5
# o f splits 18 22.5 62 77.5 53 66.3 27 33.8 80 100
LSS = Lingual Split Scale, pattern 1 to 4.
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right split showed the same pattern, whereas in the remaining 17 patients 
(42.5%) the left and right split pattern were different.
Table 3 shows the grading of the medial bone cut in relation to the type of split. 
In 53 out of 80 (66%) splits, the medial bone cut ended in front of the anterior 
border of the mandibular foramen (Grade A). Almost half of these splits ran as 
LSS1 (45%) or LSS3 (43%). The remaining 27 (34%) medial bone cuts ended 
behind the anterior border of the mandibular foramen. In this group, 17 splits 
ran according to LSS1 (63%) and only 3 according to LSS3 (11 %).
Statistical analysis
The split pattern was statistically significantly related (P = 0.01) to the position of 
the end of the medial bone cut. The presence of a third molar, gender and age 
had no influence on the observed split pattern (P = 0.55, P = 0.20 and P = 0.14, 
respectively). The surgeon's experience was not related to the split pattern 
(P = 0.55).
The position of the end of the medial bone cut was not gender or age 
dependent, P = 0.40 and P = 0.14, respectively. The surgeon's experience was 
not related to the position of the end of the medial bone cut (P = 0.14).
The matching of left and right split pattern was not gender dependent 
(P = 0.36).
Discussion
Several methods have been described to split the mandible while performing 
orthognathic surgery2,3,4’11’14’18’19’20. A conventional lateral headplate and an 
orthopantomogram have been used to evaluate the split pattern, which 
inherently introduced analysis bias either caused by over projection or by the 
panoramic (2D) representation, respectively8. In addition to these restrictions, 
the true characteristics of the fracture line on the lingual side of the ramus 
cannot be objectified using these radiographic tools. Since the patient is a 
three-dimensional (3D) subject, quantitative assessment of facial hard and soft 
tissue should be a 3D instead of a 2D procedure5,10,16. A 3D model can be 
obtained by rendering the DICOM files of the cone-beam (CB)CT scan into the 
hard tissue surface representation. With the latter technique, the use of the 
digital 3D reconstruction of a mandible has many advantages over a 2D view of 
the lateral headplate, including the postoperative assessment of the surgical 
osteotomies.
Software platforms for 3D surgical planning have been introduced to prepare 
and evaluate surgical procedures in a VOR based on (CB)CT data. For 
example, preoperatively, one can study the anatomy of the mandible, to avoid 
an ‘unfavourable split’. When reviewing the postoperative 3D images of the 
BSSO, and especially the medial bone cut and the split pattern shortly after the
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surgical procedure, one can use it not only as an objective evaluation of the 
surgical result, but as a teaching instrument for (inexperienced) residents as 
well.
Patients were well informed concerning the limited hazards of these images. 
For medical and legal reasons, it was mandatory to confirm the correct position 
of the condyles postoperatively, which was previously done with an 
orthopantomogram. Since postoperative imaging was necessary, it was decided 
to use a form of imaging that would be helpful for the present study as well as 
further studies concerning postoperative swelling and aesthetic evaluation. 
Compared with an orthopantomogram, the radiation dose was higher, but 
compared with a CT scan it was siginificantly lower6. With the ALARA principle 
and the currently available imaging techniques in mind, it was determined, that 
the patients were not exposed to any unnecessary radiation to obtain these 
study results.
The split pattern has been described7,9,17,21, but it has not been assessed with 
3D imaging. In this study, the data were evaluated in a VOR, which enabled the 
observers to rotate the 3D object in any direction during the evaluation and to 
assess the complete ramus interactively including the lingual side, which is 
hardly visible during the surgical procedure and therefore the path of the lingual 
fracture line is under little surgical control. In the VOR, the lingual aspect of the 
mandible was just as clearly visualised as the buccal aspect during the surgical 
procedure.
Both surgeons and residents intended to perform a BSSO with a Hunsuck 
modification4 in all cases, but only half of the splits (51%) ran as described by 
Hunsuck. Macintosh7, has found that there is an uncertainty of 7% concerning 
the predictability of the surgical outcome of a BSSO. He might have found a 
higher percentage, if 3D imaging had been used. In the present study, in the 
remaining splits the lingual fracture line extended the medial bone cut straight to 
the posterior border of the ramus in 14% (N = 11) or it stopped at the 
mandibular foramen and proceeded through the mandibular canal in 33% 
(N = 26). As a result, the latter group might be more at risk of nerve damage. In 
this study, two sides (2.5%) showed an unfavourable split pattern, which was 
comparable with other reported percentages7,9,12,17,21,22.
It is important to note that in contrast to the fracture line, the length and position 
of the medial bone cut can be visually controlled and verified during the surgical 
procedure. In this study group no relation was found between the surgeon's 
experience and the position of the end of the medial bone cut. When the medial 
bone cut ended behind the anterior border of the mandibular foramen, the 
chance of splitting the ramus according to Hunsuck's description increased from 
44% to 63% and the chance of splitting through the mandibular canal was 
statistically significantly reduced from 43% to 11%, which might reduce the risk
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of postoperative hypaesthesia or anaesthesia. The current study cannot reveal 
the clinical relevance of these findings concerning hypaesthesia or anaesthesia 
and the impact on facial balance, progressive condylar resorption or stability of 
the surgical procedure. Further research is ongoing to study the correlation 
between the above mentioned variables and the variances of the different split 
patterns. It is interesting to evaluate whether the characteristics of the fracture 
line are influenced, or can be controlled, by adaptation of the length or direction 
of the medial (behind the mandibular foramen) and buccal bone cuts, or 
whether the fracture line simply seeks the path of least resistance.
In this study, in 17 patients the same surgical technique, performed or 
supervised by the same surgeon, resulted in a different split pattern at the left 
and right side. The split areas of the four different split patterns varied 
considerably in size. This might cause a difference in the amount of initial bone 
contact in the postoperative situation between the left and the right side. As a 
consequence, the displacement of the proximal segments might be influenced 
by this difference. This can be studied in a VOR which matches pre- and 
postoperative data. With 3D cephalometric analysis, it is also possible to 
measure the positional changes of the distal and the proximal segments in 3D 
as well as changes of the overlying soft tissues. Specific rotations along the 
anteroposterior, transverse and vertical axes, such as pitch, roll and yaw can be 
visualised1.
In conclusion, CBCT based evaluation of the BSSO combined with the lingual 
split scale enabled objective evaluation of the surgical result, thereby adding a 
new dimension to the discussion of BSSO techniques. Further research is 
ongoing to determine the relationship between the localisation of the buccal 
bone cut, the length of the medial bone cut, the characteristics of the fracture 
line on the lingual side and the amount of displacement of the proximal segment 
and postoperative hypaesthesia or anaesthesia. The long term effects of these 
movements on the overlying facial soft tissue are being studied to enhance the 
surgical outcome.
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Abstract
With the introduction of three-dimensional (3D) reconstruction of cone-beam 
CT (CBCT) data, it is now possible to superimpose pre- and postoperative 
3D data sets, so enabling accurate 3D cephalometric comparison of the 
facial skeleton changes after sagittal split osteotomies. The aim of this study 
was to assess the 3D position of the mandibular segments after bilateral 
sagittal split osteotomies.
In a prospective study 20 patients with a mandibular hypoplasia were treated 
with a bilateral sagittal split osteotomy (Hunsuck modification). After 
superimpositioning of the pre- and postoperative 3D data sets, changes of 
the position of the proximal and distal segments of the mandible were 
observed and compared using specifically developed landmarks for 3D 
linear, angular and proportional measurements.
Besides the expected anterior movement of the distal segments of the 
mandible, (unexpected) rotational movements of the proximal segments of 
the mandible were visualised, resulting in changed condylar positions in the 
fossae and statistically significant changes of the proximal segment in the 
sagittal plane.
In conclusion, three-dimensional imaging and matching of pre- and 
postoperative 3D data sets are useful tools to analyse surgical outcome of 
sagittal split osteotomies and provide substantial additional data on the 
position of the proximal segments.
3D evaluation of the different segments after a BSSO
Introduction
The bilateral sagittal split osteotomy (BSSO) was introduced in 1957 by Trauner 
and Obwegeser36,37,38. Nowadays, especially, the Obwegeser-Dal Pont 
osteotomy1011 and the Hunsuck modification17 are frequently used in mandibular 
advancement or setback.
Using 3D reconstructions of cone-beam CT (CBCT) data sets does not only 
allow the evaluation of the lingual split pattern7, it also allows a precise 
assessment of the positional translational and rotational changes of both the 
proximal and distal segments in three dimensions. Some of these translational 
and rotational movements are planned (the advancement of the distal segment) 
while other movements are undesired (displacement of the proximal segment). 
Positional changes of the proximal segment have been previously studied on 
lateral and anteroposterior cephalograms2, showing for instance a direct 
postoperative increase of the gonial width. However, which specific translational 
or rotational movement caused that increase can not be determined from a 2D 
representation of a 3D object. Displacement of the proximal segment can also 
result in skeletal relapse26 or changes of the condylar position, which may be 
related to condylar remodelling and/or resorption4,5,6’13’14’15’16’39.
The purpose of this prospective study was to three-dimensionally assess the 
direct postoperative surgical outcome of a BSSO with regard to the translational 
and rotational movements of the distal and proximal segments of the mandible 
and secondly, to study the influence of the lingual split patterns upon these 
movements.
Subjects and methods
Subjects
The patient group consisted of 20 Caucasian patients with a mandibular 
hypoplasia, who were prospectively enrolled in this study and underwent a 
BSSO advancement between September 2006 and July 2007. All patients were 
treated at the department of oral and maxillofacial surgery of the Radboud 
University Nijmegen Medical Centre in the Netherlands. Inclusion criteria were 
older than 15 years, a non-syndromic symmetric mandibular hypoplasia 
(skeletal Class II deformity) and a signed informed consent. The exclusion 
criteria were a history of orthognathic surgery or simultaneously performed 
other orthognathic procedures, such as a Le Fort osteotomy or a chin 
osteotomy.
The study protocol (181/2005) was approved by the Medical Ethical 
Commission of the Radboud University Nijmegen Medical Centre, Nijmegen, 
The Netherlands. Patients gave their consent during the preoperative clinical 
assessment.
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Osteotomy technique
All surgical procedures were performed under general anaesthesia with nasal 
intubation. The surgeons (N=2) intended to perform a BSSO with a Hunsuck 
modification17 with a symmetrical advancement in all patients. Two senior 
surgeons (MK, WB) performed the split at one side, while they supervised a 
resident performing the contralateral side. After standard incision and 
subperiosteal preparation, the horizontal lingual osteotomy was performed 5 
mm above the mandibular foramen and extended just dorsally of it. The lateral 
osteotomy on the buccal surface was performed in a vertical way, distal of the 
first molar. The bone cuts were then connected with each other using a small 
Lindemann burr and the split was completed with two osteotomes. After 
mobilisation, the distal segment of the mandible was advanced and kept in 
position using a perforated acrylic wafer, which was preoperatively made based 
on manual model surgery, and temporary intermaxillary fixation (IMF). The 
proximal segment was gently pushed upward and backward to seat the condyle 
correctly into the fossa28. The inferior border of the mandible was palpated to 
guarantee a fluent course of the inferior border. For fixation of the fragments 
titanium miniplates with four screws were used (Champy 2.0 mm, KLS Martin, 
Tuttlingen, Germany)25. After removing the IMF, occlusion was checked. The 
incision was closed with Vicryl Rapide®3.0 (Ethicon, Johnson & Johnson 
Company©, LLC, New Jersey, USA). Postoperatively, elastics were used for 
IMF with the acrylic wafer in position so stabilising the new occlusal situation.
3D evaluation and measurements
CBCT scans with a field of view (FOV) of 22 x 16 cm and 0.4 mm voxel size 
(scan time 40 seconds) were made within one month prior to the surgical 
procedure and one day postoperatively (i-CAT™ 3D Imaging System, Imaging 
Sciences International Inc, Hatfield, USA)23. The patients were scanned in an 
upright sitting position with the occlusal plane parallel to the horizontal laser 
positioning line of the scanner. Preoperatively, patients were asked to swallow 
prior to the scan and to keep their molars in occlusion. The postoperative 
occlusion was determined by the elastics and the perforated acrylic wafer. Pre- 
and direct postoperative data from the CBCT21 were exported in a DICOM 
format. These were rendered to 3D models of the facial skeleton using Maxilim® 
software (Medicim NV, Mechelen, Belgium) and visualised in a virtual operating 
room (VOR).
The lingual split scale (LSS) was used to categorise (LSS1 to LSS4) the 
different split patterns, which is based on the path of the fracture line at the 
lingual side of the ramus (Figure 1)23.
To determine the positional changes of the mandibular segments after surgery, 
the data sets were registered with voxel based matching on surgically
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undisplaced structures, such as the cranial base and the skeletal forehead 
region.
A 3D reference frame was set up and anatomical landmarks were identified for 
the 3D cephalometric hard tissue analysis30,31,32. The reference frame was used 
to orientate the patient according to the Frankfurter Horizontal and to define the 
coordinates of the cephalometric landmarks. The landmarks and measurements 
are defined in table 1 and depicted in figure 2.
Figure 1. Variations of the path of the split on the lingual side of the mandibular ramus from a lingual 
view. Schematic drawings of the four split patterns are displayed. The blue dotted line represents the 
medial bone cut, the yellow line the alveolar nerve and the red line the lingual split. LSS = Lingual Split 
Scale, pattern 1 to 4.
All landmarks were identified twice by one observer (TX). Measurements were 
formulated to check the accuracy of the pre- and postoperative matching 
procedure (distance Apreop - Apostop and Npreop - Npostop), to analyse the desired 
advancing movements (Menpreop-Menpostop, Gnpreop-Gnpostop, Gopreop- Gnpreop, Bpre- 
Bpostop, SNB anglepreop - SNBanglepostop, ANB anglepreop - ANBanglepostop), to 
analyse the undesired movements (Goleft - Gn - Goright, Copreop - Copostop Coleft - 
Coright, Goleft - Goright, Co - Go - Gn, and to analyse rotational movements of the 
proximal segments, such as coronal rotation (flaring), sagittal rotation 
((anti)clockwise rotation) and transverse rotation (Table 1). After completing the 
3D cephalometric hard tissue analysis, pre- and postoperative distances and 
angles as well as the differences between these pre- and postoperative 
measurements were calculated.
Statistical analysis
All statistical data analyses were done with the SPSS software program, 
version 16.0 for Windows (SPSS Inc, Chicago, USA). Differences between pre- 
and postoperative measurements were determined per patient using paired 
Student t-tests. Per measurement the mean pre- and postoperative changes 
were computed. An ANOVA analysis was performed to analyse the relation 
between the 3D movements and the lingual split pattern for bilateral angular 
and linear measurements, while a paired sample t - test was used in 
measurements in the sagittal plane or crossing the midline.
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Table 1. Landmarks and measurements for 3D cephalometric hard tissue analysis o f the mandible.
Landmarks Definition Bilateral Mean**
A-point (A)* 
B-point (B)*
The point of maximum concavity in the midline of the alveolar 
process of the maxilla
The point of maximum concavity in the midline of the alveolar 
process of the mandible
C-point (C) The most caudal point of the margin of the vertical ramus 
between condylion and coronodion
x x
Condylion (Co)* The most postero-superior point of the mandibular condyle in 
the sagittal plane
x x
Coronoidion (Cor) The most cranial point of the coronoid process x x
Foramentalion
(ForMe)
The most anterior point of the mental foramen x x
Gonion (Go)* 
Gnathion (Gn)*
The most caudal and most posterior point of mandibular 
angle
The most anterior midpoint of the chin
x x
Lingula (Lin) The most caudal point of the mandibular foramen x x
M-point (Mpre) 
Menton (Men)*
The intersection in the middle of the lower border mandible 
with a line perpendicular to the distal contactpoint of the left 
lower M2 aprox 2 cm in front gonion 
The most inferior midpoint of the chin on the outline of the 
mandibular symphysis
x
Mean Gonion
Nasion (N)* 
°-p o in t (Opostop)
A computed landmark based on the left and right Gonion
located in the midline
The midpoint of the frontonasal suture
The most caudal point of the left vertical osteotomy in the
middle of the lower border of the mandible
x
Orbitale (Or)* The most inferior point of the inferior orbital rim x
Porion (Popre)* 
Sella (Sore)*
The most superior point of the meatus acusticus externus 
The center of the hypophyseal fossa (sella turcica).
x
Measurement Definition Bilateral Unilateral
Distance Gomean-Gn The absolute distance between the (mean) gonion and 
gnathion landmark
x
Coronoidal width The absolute distance between the left and right coronoideus 
landmark
x
Condylar width* The absolute distance between the left and right condylus 
landmark
x
Gonial width* The absolute distance between the left and right Gonion 
landmark
x
Angle SNA* The 3D angle between the landmarks Sella, Nasion and A- 
point
x
Angle SNB* The 3D angle between the landmarks Sella, Nasion and B- 
point
x
Angle ANB* The 3D angle between the landmarks A-point, Nasion and B- 
point
x
Gonial angle* The 3D angle between the landmarks Condylion, Gonion and 
Menton
x
Gnathial angle The 3D angle between the landmarks left Gonion, Gnathion 
and right Gonion
x
Mental angle The 3D angle between the landmarks left Menton, Gonion 
and Gnathion
x
Sagittal rotation 
(pitch)
The 3D angle between the proximal segment and the sagittal 
plane
x
Coronal rotation (roll) The 3D angle between proximal segment and coronal plane x
Horizontal
rotation(yaw)
The angle between the line coronoideus and gonion landmark 
and the horizontal plane
x
~ ______ 33*Landmarks and measurements derived from the 3D cephalometric hard tissue analysis according to Swennen . 
**Mean landmarks were computed based on the coordinates o f the left and right identified bilateral landmarks 
and were located in the midline.
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Figure 2. 3D cephalometric landmarks for evaluation 
o f the positional changes o f the different segments 
o f the mandible after a BSSO.
Results
Subjects
Twenty patients underwent a bilateral sagittal split osteotomy. The mean age at 
the time of surgery was 33y 8m (range 16y 9m - 55y 9m). Sixteen patients were 
female, who had a mean age of 34y 3m (range 17y 1m - 54y 0m) years and four 
patients were male, who had a mean age of 31y 7m (range 16y 9m - 55y 9m) 
years.
Lingual split pattern
A total of 40 splits were performed according to the standardised protocol. In 
more than half of the splits (N = 19 ; 47.5%) the fracture line was categorised 
as LSS1, whereas LSS2, LSS3 and LSS4 were seen in respectively N = 6 
(15.0%), N = 15 (37.5%) and N = 0 (0.0%) splits. In 13 patients (65.0%) the left 
and right split showed the same pattern, whereas in the remaining 7 patients 
(35.0%) the left and right split pattern were different.
3D evaluation and measurements
The 3D cephalometric analysis consisted of 25 preoperative (7 unilateral and 
9 bilateral) and 24 postoperative landmarks (6 unilateral (except Sella) and
9 bilateral).
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Figure 3. Submental view o f forward translation 
The blue model and cyan line represent the 
preoperative model and gonial width, while the 
beige model and the red line represent the 
postoperative situation.
The intra observer reliability of the landmark identification and measurements 
was good: Apart from two measurements (distance Npre - Npost r = 0.67; 
p = 0.000 and postoperative distance Coleft - Coright) r = 0.876; p = 0.000) all had 
a reliability coefficient higher than 0.90. There were no statistical significant 
differences between the first and second series of measurements. Per patient 
28 linear and 16 angular measurements were computed for the pre - and 
postoperative data sets. The voxel based matching procedure seemed to be 
accurate: in almost all cases the distance Apre - Apost (mean = 0.5; range 0.1 - 
1.3; sd = 0.3) and Npre - Npost (mean 0.4; range 0.1 - 1.1; sd = 0.3) varied less 
than 1.0 mm. Desired movements, i.e. increase of the distances Bpre - Bpostop, 
Gnpre - Gnpostop, Gomean - Gn, Menpre - Menpostop and decrease of the ANB angle, 
were observed in all patients (Table 2).
Undesired movements were determined at the level of the condyles and the 
proximal segment: all patients showed a statistically significant increase of the 
gonial width (Goleft - Goright;)(P = 0.0001) and of the angle Goleft - Gn - Goright 
(P = 0.001). In most cases the condylar width (Coleft - Coright) increased. 
Typically, the coronoidal width (Corleft - Corright) decreased and C - point width 
(Cleft - Cright) remained unchanged. Coronal rotation of the proximal segment, 
also known as flaring was observed in all patients. The horizontal rotation of the 
proximal segment was neglectible, while sagittal rotations of the proximal 
segment (P = 0.0005) and changes in the gonial angles (P = 0.0008) showed a 
statistically significant relationship with the lingual split pattern. The results of 
the 3D measurements are listed in table 2.
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Table 2.Results o f cephalometric measurements o f the mandible
Measurement Preoperative Postoperative Difference Pre-and postoperative
Mean (Range) sd Mean(Range) sd Mean (Range*) sd
Analysis o f desired movements
Distance Bpre - Bpostop (mm) 6.6 ( 3.4 - 14.8 ) 2.5
Distance Goieft - Gn (mm) 85.3 ( 78.5 - 94.2 ) 3.9 91.1 ( 78.1 - 99.8 ) 5.3 5.8 ( -0.4 - 11.2 ) 3.0
Distance Goright - Gn (mm) 85.6 ( 79.6 - 94.4 ) 4.3 91.2 ( 84.8 - 97.3 ) 3.8 5.63 ( 0.5 - 11.5 ) 2.4
Distance Gnpre - Gnpostop (mm) 6.7 ( 2.8 - 16.4 ) 2.8
Distance Gomean - Gn (mm) 71.5 ( 66.4 - 81.5 ) 4.1 76.2 ( 68.8 - 85.2 ) 4.3 4.7 ( 1.7 - 11.7 ) 2.6
Menpre - Menpostop (mm) 6.8 ( 3.7 - 6.7 ) 2.7
ANB angle (°) 6.4 ( 3.1 - 9.4 ) 1.7 3.3 ( 0.4 - 7.3 ) 2.0 3.2 ( 1.0 - 6.4 ) 1.4
SNB angle (°) 75.2 ( 68.5-79.6 ) 3.4 78.5 ( 73.6 - 82.3 ) 2.8 3.3 ( 1.1 - 8.9 ) 1.7
Analysis o f undesired movements
Condylar width (mm) 98.7 ( 89.1 - 107.9 ) 4.1 100.7 ( 90.2 - 110.9 ) 4.8 2.0 ( -3.2 - 7.6 ) 2.5
Coronoidial width (mm) 94.3 ( 87.5 - 103.1 ) 4.0 92.2 ( 81.6 - 98.6 ) 4.6 -2.1 ( -7.2 - 2.2 ) 3.0
Gonial width (mm) 93.3 ( 80.4 - 102.2 ) 5.1 100.0 ( 85.8 - 107.6 ) 5.4 6.6 ( 1.0 - 10.7 ) 2.6
Left Gonial an g le s  (°) 114.7 ( 106.2 - 131.8 ) 5.8 115.3 ( 105.8 - 139.5 ) 7.8 0.6 ( -4.4 - 8.0 ) 3.3
Right Gonial angleright (°) 114.9 (104.5 - 129 ) 5.7 115.4 ( 105.4 - 130.8 ) 6.2 0.7 ( -3.7 - 3.4 ) 2.1
Gnathial Angle (°) 66.3 ( 59.6 - 71.9 ) 3.6 71 ( 63.1 - 76.4 ) 4.0 4.7 ( 0.9 - 8.5 ) 2.1
Coronal ro ta tion ^ (°) 91.6 ( 84.5 - 99.4 ) 3.7 89.1 ( 81.7 - 100.9 ) 4.8 2.9 ( -7.4 - 6.5 ) 2.8
Coronal rotationright (°) 92.6 ( 84.7 - 100 ) 4.2 90.2 ( 84.2 - 99 ) 4.2 2.4 ( -6.7 - 1.1 ) 2.0
Sagittal ro ta tion^  (°) 94.6 ( 90.8 - 99.4 ) 2.5 95.9 ( 91.5 - 106.5 ) 3.6 -4.9 ( -5.3 - 8.0 ) 3.0
Sagittal rotationright (°) 95.4 (91.2 - 101.2 ) 2.9 95.4 ( 91.2 - 101.2 ) 2.7 -3.3 ( -5.3 - 5.6 ) 2.8
Horizontal rotationleft (°) 69.3 (58.1 - 81.7 ) 6.9 68.8 ( 57.3 - 102.7 ) 10.0 0.5 ( -7.7 - 21.0 ) 6.2
Horizontal rotationright (°) 69.5 (60.4 - 85.5 ) 6.6 69.2 ( 59.8 - 80.6 ) 6.2 -0.4 ( -6.6 - 6.1 ) 3.7
*The lowest value o f the range is followed by the highest value. In all cases the highest value was higher than 0.
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Discussion
Several methods have been described to advance the mandible in case of a 
dysgnathic deformity11’12’17’22’27,34,36,37. In the present study the bilateral sagittal 
split osteotomy was performed according to Obwegeser-Dalpont with the 
Hunsuck modification17 on 20 patients with a hypoplasia of the mandible. To 
date, as a standard procedure conventional orthopantograms or lateral 
cephalograms are used to evaluate the surgical result of the BSSO2,3. In the 
current study, the positions of the distal and proximal segments were 
peroperatively controlled with an acrylic wafer, intermaxillary fixation and 
osteosynthetic plates. Still, both desired (mandibular advancement) and 
undesired (e.g. flaring) movements could be observed postoperatively. 
Nevertheless, these movements e.g. rotational and translational movements of 
the proximal segments in the sagittal plane could not be determined with 
conventional 2D imaging methods: they are obscured due to overprojection. As 
proven in this study, these translational and rotational movements, also referred
Ato as pitch, roll and yaw', could be objectified with a 3D reconstruction in a 3D 
environment.
In order to quantify these postoperative pitch, roll and yaw positional changes of 
the mandibular segments, the pre- and postoperative 3D data sets have to 
match with each other with a very high accuracy. The high accuracy was 
achieved using a voxel based matching method19. To evaluate the accuracy of 
this voxel based matching method, the authors preferred the use of distance 
maps instead of linear measurements. When using linear measurements, the 
landmarks are manually identified, which may thereby introduce landmark 
positioning errors. Moreover, a large amount of data remain unused compared 
to colour encoded distance maps of surface based18 and voxel based matched 
objects19,29. The latter techniques give a better representation of the accuracy of 
a matching procedure18, since all (selected) pixels and voxels of the surfaces 
and objects, respectively, are automatically used instead of only the manually 
selected landmarks. Hence, distance mapping should be preferred over 
cephalometric measurements for confirming the accuracy of a matching 
procedure. In only two cases of the presented study, a registration error (Npre - 
Npost and Apre - Apost) of more than 1.0 mm was identified. In general, 
registration errors of less than 1.0 mm are regarded as clinically irrelevant20. 
Nevertheless, it remains important to reduce the registration errors to a 
minimum.
The 3D cephalometric hard tissue analysis also enabled comparison of pre- and 
postoperative 3D linear and angular measurements with very high accuracy. 
Using a 3D reconstruction of the facial skeleton, surgeons could measure the 
exact advancement of the mandible, since all landmarks were identified at their
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anatomical localisation33. With a mean advancement of the mandible of 
approximately 7 mm (3 - 16 mm), it seemed that rather large advancements 
were realised. Further research with a minimum follow up of two years to 
include possible condylar resorption and physiologic remodelling is ongoing.
In this study, the gnathial angle (Goleft - Gn - Goright) was enlarged by 1.55° 
(range - 4.6 to 5.4°) postoperatively. Two movements influenced this change. 
The angle decreased by the advancement of the distal segment (mean forward 
translation of 7 mm) and increased by broadening of the gonial width (mean 
increase of 7.11 mm). Broadening of the gonial width was mainly caused by the 
advancement of the horseshoe shaped distal segment of the mandible: this 
caused an outward movement of the proximal segments (Figure 3). All patients 
showed an increase of the gonial width and also flaring of the proximal 
segment, without a statistical relation to the lingual split pattern. From this study 
it can be concluded that split patterns with an initial larger bony contact area, 
such as LSS2, result in a larger increase of the gnathial angle and to a larger 
degree of flaring (yaw)23. The short term findings of this study give the authors 
the opportunity to set up a study with a follow up period of two years. Especially, 
since it has been shown in a previous study that the gonial width can decrease 
again on the long term2. For this prospective study a larger patients group is 
desired as well to eliminate the interindividual variances.
Rotational movements of the proximal segment in the horizontal plane (yaw) 
were classified as undesired, as well as rotational movements in the sagittal 
(pitch) and the coronal (roll) plane. Only the rotational movement of the proximal 
segment in the sagittal plane (pitch) and the gonial angle, showed a statistically 
significant relation with splits with a larger bony contact area, such as LSS2. In 
other words, a LSS2 split pattern is more prone to cause malpositioning of the 
proximal segment. This might increase the risk of condylar remodelling or even 
resorption7,8,9,15. With the currently used rigid fixation methods28,24,25, extension of 
the horizontal osteotomy to the posterior border of the mandibular ramus to 
create a large initial bony contact area is no longer necessary anyway. Avoiding 
such a split pattern, may not only reduce the risk of malpositioning of the 
proximal fragments, it also reduces trauma to the overlying soft tissue envelope 
as well as the risk upon massive retromandibular bleedings.
When positioning the proximal segment during a BSSO procedure, surgeons 
are able to verify and correct rotations of the proximal segment in every plane 
(pitch, roll and yaw). In case of an excessive degree of flaring or torque, the 
operator will adjust the inner surface of the contacting segments or customise 
the osteosynthetic plates individually. This way a passive alignment with a 
minimal amount of flaring of the proximal segment can be realised. In contrast 
to rotations in the horizontal and coronal plane, surgeons can less easily control 
and correct rotations in the sagittal plane. First, the view upon the posterior
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border of the ascending ramus is always obscured by the mandibular soft tissue 
envelope and second, the sagittal rotations are parallel with the viewing plane. 
This limits the possibility to verify the correct position in the sagittal plane 
considerably. Finally, a correction of a severe skeletal Class II especially in 
deep bites does sometimes require a larger rotation of the proximal segment in 
the sagittal plane so preventing antegonial notching of the lower mandibular 
border. As an alternative, fixation of the proximal segments to the zygomatic 
burtresses, which has been used in bimaxillary procedures, might reduce the 
risk of undesired movements of the proximal segments40.
In relation to the 3D displacement of the proximal segment, it is interesting to 
compare different techniques to split the mandible. The question remains 
unanswered whether other surgical techniques, such as the vertical ramus 
osteotomy or the horizontal splitting of the ascending ramus introduced by 
Trauner and Obwegeser36, might show a different amount of pitch, roll and yaw 
of the proximal segment or condylar displacement. In the early Obwegeser 
technique35, the split surface is supposed to be smaller and located more 
cranially and the angles of the mandible are not involved in the movement of the 
proximal segment, which implies that the gonial width will be less influenced.
In conclusion, this study does demonstrate the additional value of 3D imaging in 
the evaluation of the surgical outcome of orthognathic surgery. 3D 
cephalometric analysis and voxel based matching of the skeletal 3D data sets 
are sensitive tools for accurate measurement of both desired and undesired 
facial skeleton movements in BSSO.
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Abstract
The state-of-the-art diagnostic tools in oral and maxillofacial surgery and 
preoperative orthodontic treatment are mainly two-dimensional (2D), and 
consequently reveal limitations in describing the three-dimensional (3D) 
structures of a patient's face. New 3D imaging techniques, such as 3D 
stereophotogrammetry (3D photograph) and cone-beam computed 
tomography (CBCT), have been introduced. Image fusion, i.e. registration of 
a 3D photograph upon a CBCT, results in an accurate and photorealistic 
digital 3D data set of a patient's face. The purpose of this study was to 
determine the accuracy of three different matching procedures. For 15 
individuals the textured skin surface (3D photograph) and untextured skin 
surface (CBCT) were matched by two observers using three different 
methods to determine the accuracy of registration. The registration error was 
computed as the difference (mm) between all points of both surfaces. The 
registration errors were relatively large at the lateral neck, mouth and around 
the eyes. After exclusion of artefact regions from the matching process, 90% 
of the errors were within ± 1.5 mm. The remaining error was probably 
caused by differences in head positioning, different facial expressions and 
artefacts during image acquisition. In conclusion, the 3D data set provides an 
accurate and photorealistic digital 3D representation of a patient's face.
Matching 3D photographs with CBCT data
Introduction
Surface descriptions of bone and skin structures can be extracted from Digital 
Imaging and Communications in Medicine (DICOM) files derived from cone- 
beam computed tomography (CBCT) data, but on inspection a patient is hard to 
recognise due to a lack of textured information. With surface registration 
methods, it is now possible to superimpose three-dimensional (3D) textured 
surface data on reconstructed 3D skin models. This has many advantages over 
conventional 2D imaging. The main benefits of 3D technology in the 
maxillofacial field are highly realistic facial and skeletal imaging, improved 
diagnostic quality, improved preoperative planning possibilities and improved 
postoperative evaluation.
Previous studies proposed different possibilities to reconstruct a 3D model by 
using 2D data derived from cephalograms or light photographs4,6,11,21. Others 
investigated the integration of two 3D imaging techniques including laser 
scanning, CT scanning and stereophotogrammetry2,5,7,12. De Groeve et a l7 
showed that matching of 3D textured surfaces with untextured skin surfaces 
segmented from CT data is accurate and provides a photorealistic 3D model of 
a patient's face.
Since data sets of bony tissue and skin surfaces are used for preoperative 
planning of maxillofacial interventions1,2,5,16,20, it is of great importance that the 
image fusion of the 3D textured surface and segmented skin surface from 
CBCT displays a high degree of accuracy (< 1 mm). The purpose of this study 
was to determine the duration and accuracy of three different matching 
procedures.
Subjects and Methods
Data acquisition
In a prospective study, CBCT data and 3D photographs (3D textured data) were 
collected from 15 individuals (Figure 1). The CBCT scan was acquired using the 
i-CAT™ 3D Imaging System (Imaging Sciences International, Hatfield, PA, 
USA). The individual was scanned sitting, with the head positioned parallel to 
the occlusal plane. They were asked to bite in maximum intercuspidation, relax 
their lips and keep their eyes open.
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Figure 1.The data set for each individual comprises a CBCT scan with extracted hard (a) and soft 
tissue (b) surfaces, as well as a 3D textured surface acquired using 3D stereophotogrammetry (c).
A 3D sterophotogrammetrical camera set up and the software program Modular 
System v1.0 (3DMDface™ System, 3dMD LLC, Atlanta, GA, USA) were used to 
capture a 3D photograph of the face. This camera generates a 3D photograph 
from six 2D photographs taken simultaneously (four greyscale photographs and 
two full colour photographs). A polygon pattern was projected onto four of these 
six images. Based on this pattern and its deformed image, a 3D photograph is 
reconstructed. The 3D photographs were taken in natural head position with the 
eyes open. In order to achieve the natural head position and habitual occlusion, 
the individual was asked to swallow and keep their molars in occlusion after 
swallowing, while looking in the mirror with their habitual facial expression.
Reconstruction and surface matching
Data from the CBCT were exported in DICOM format. The skull and skin
Table 1. Step-by-step approach to matching textured and untextured surfaces
Step 1 Initial positioning of untextured and textured surfaces by indicating 
landmarks on both surfaces
Semi-automatic
Step 2 Excluding error regions Manual
Step 3 Registration of textured and untextured surface Automatic
Step 4 Computation of distance map between registered textured and untextured 
surfaces
Automatic
Step 5 Transfer of texture from textured surface to untextured surface using 
non-rigid registration
Automatic
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surfaces were segmented by thresholding. The skin surface extracted from 
CBCT was referred to as the untextured skin surface (Figure 1 b).
By trimming the neck and parts of the hair, the 3D photograph was resized to 
the region of interest using 3dMDpatient v2.0 (3dMDpatient™ Software 
Platform, 3dMD LLC). The 3D photograph was exported as a Wavefront object 
file “.obj” and imported into Maxilim® (Medicim NV, Mechelen, Belgium), and
d)
Figure 2. Typical areas o f difference between the textured surface and the skin surface extracted from 
CBCT; a) errors at the mouth are caused by different positioning o f the mouth during the two scans; b) 
artefacts in CBCT scanning may cause an error region at the nose; c) errors at the eyes are caused by 
the inability o f 3D stereophotogrammetry to capture the lenses correctly; and d) errors at the neck may 
occur due to CBCT scanning artefacts.
was referred to as a the textured skin surface (Figure 1c). Surface matching 
was performed on a Dell precision M70 (Intel® Pentium IV® 2.62GHz processor 
speed, 1.0 Gb RAM, NVIDIA Quadro Fx Go 1400, 256 Mb, graphics card). A 
matching process was carried out in five steps (Table 1). First, four 
corresponding landmarks were indicated on both surfaces. These are well 
spread over the facial surface and they formed a base for surface matching.
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This step minimised the need for further initial translation and rotation of the 
surfaces.
Second, the accuracy of registration was improved by excluding regions that 
were obviously different. The eyes and hairline on the textured skin surface as 
well as the neck and nose on the CBCT were marked examples of such error 
regions (Figure 2). Third, the rigid registration was used to register the textured
Figure 3. Illustration o f the registration o f a textured 3D surface with skin surface segmented from a 
CBCT scan. Three approaches to perform the registration are possible.
skin surface with the untextured skin surface using a 3D surface matching
O  ~7algorithm (Iterated Closest Point algorithm (ICP)) . In the fourth step, a 
distance map was calculated between both surfaces and exported as a list of 
signed closest point differences (Figure 3b). Finally, the 3D textured information 
was transferred from the textured skin surface to the untextured skin surface 
using a projection-like non-rigid registration algorithm7.
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Validation
To validate the accuracy of the surface matching tool, the Euclidian error 
distance between each corresponding point of the untextured and the textured 
skin surface was calculated. The 50th, 90th and 95th percentile of the distance 
error were computed in millimetres. Furthermore, a distribution of the signed 
closest point distance was computed. Negative errors occurred when the 
textured skin surface was behind the untextured skin surface and positive errors 
when the textured skin surface was in front of the untextured skin surface. As a 
measure for the correctness of the registration, the absolute mean error was 
computed.
Two observers independently tested three different methods to validate this 
surface matching process. In method 1, the textured skin surface and 
untextured skin surface were matched without correction for error regions 
(Step 2 was not performed) and a distance map was calculated (Figure 3a).
In method 2, different regions of the face which displayed obvious matching 
errors were excluded on both surfaces, the surfaces were matched and a 
distance map was calculated (Figure 3b).
In method 3, the matched surfaces of method 2 were used again. However, the 
distance map was calculated with the exclusion of different high error regions 
(Figure 3c).
The interobserver difference was investigated by computing the 50th, 90th and 
95th percentile error between the matched surfaces of observer 1 and 
observer 2. As a measure of similarity, the absolute mean was computed 
between the matched textured skin surfaces of both observers.
Results
The average time needed to register both surfaces was 8 minutes (range 7 -  10 
minutes). The computational time needed for registration was 30 seconds. No 
interobserver differences were found with respect to the registration time. Apart 
from the configuration of the computer, the computational time depends on the 
amount of triangles on the two surfaces. The average number of triangles was 
94094 (range 80157 - 115875 triangles) for the 3D untextured skin surface. The 
remaining 7.5 minutes were needed to indicate the corresponding points at both 
surfaces (Step 1) and to exclude the error regions (Step 2).
Table 2 represents the 50th, 90th and 95th percentiles of the Euclidean error 
distance for all methods and observers. For methods 1 and 2, 50% of the errors 
were less than 0.75 mm. For method 3, the 50th percentile was reduced to
0.56 mm. For methods 1 and 2, 90% and 95% of the errors were respectively 
less than 2.5 mm and 3.4 mm. For method 3, the 90th and 95th percentile were 
below 1.5 mm and 1.9 mm, respectively. Exclusion of the expected large error
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Table 2. The 50th, 90th and 95th percentiles of the Euclidean error distances computed for each 
method as well as both observers.
50th percentile 90th percentile 95th percentile
Mean
(mm) SD (mm)
Mean
(mm) SD (mm)
Mean
(mm) SD (mm)
Method 1
Observer 1 
Observer 2
0.75
0.74
0.22
0.23
2.50
2.50
0.76
0.77
3.40
3.40
0.82
0.83
Observer 1 0.73 0.22 2.60 0.76 3.40 0.81
Method 2
Observer 2 0.72 0.15 2.70 0.74 3.50 0.75
Observer 1 0.56 0.17 1.40 0.50 1.80 0.68
Method 3
Observer 2 0.56 0.17 1.50 0.38 1.90 0.58
regions (artefacts) during the registration task in method 3 reduced the 90th 
percentile to 1.5 mm.
Box plots and error histograms of the signed closest point distance were plotted 
for all methods and observers to visualise the distribution of the registration 
error (Figure 4). A balanced distribution of the signed closest point distance 
proved the registration to be correct. A graph of the absolute mean error was 
plotted (Figure 5). In table 3, the 50th, 90th and 95th percentiles of the Euclidean 
error distance between the registered textured surfaces of observer 1 and 
observer 2, for all methods, are listed.
The interobserver difference is larger in methods 2 and 3 because both 
observers excluded different error regions, which influences the registration 
process.
Figure 4. A box plot o f the signed closest point distance was plotted for every method and observer to 
illustrate the distribution of registration error.
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Figure 5. The absolute mean registration errors were computed for each method as well as both 
observers. The absolute mean error is a measure of the correctness o f the registration. From this 
graph it is clear that method 3 provides the best results.
Discussion
In the current study, 3D data of 15 individuals were fused using three different 
methods. Method 3 was a new method developed to investigate the accuracy of 
the registration algorithm. The results are similar to those reported by Ayoub et 
al.2 who adopted a similar approach, using data from CT instead of CBCT. In 
the present study the i-CAT™ CBCT scanner was used because the upright 
scanning position and a lower radiation dose were preferred over multislice CT 
scanning (the supine position causes registration errors due to gravity and there 
is a relatively high radiation dosage)8,13,14’15’17’18’19-
The 3D textured surface was captured with 3D stereophotogrammetry. During 
recent years, stereophotogrammetry has evolved immensely. With the
Table 3. The 50th , 90th and 95th percentiles o f the Euclidean error distances between the 
registered textured surfaces o f observer 1 and observer 2 computed for each method.
50th percentile 90th percentile 95th percentile
Mean (mm) SD (mm) Mean (mm) SD (mm) Mean (mm) SD (mm)
Method 1 0.0009 0.0013 0.0021 0.0030 0.0027 0.0037
Method 2 0.18 0.21 0.79 0.68 1.03 0.90
Method 3 0.18 0.21 0.79 0.68 1.03 0.90
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introduction of systems such as the 3dMDface™ System (3dMD LLC), Di3D™ 
(Dimensional Imaging, Glasgow, UK1,9,10) and 3D-Sensoren FaceSCAN3D (3D 
Shape GmbH, Erlangen, Germany), the applicability of 3D photographs in daily 
practice has become profitable. Due to the short acquisition time of 3D 
stereophotogrammetry, movement artefacts are minimised.
Dissimilarities between the CBCT surface and the stereophotogrammetry 
surface include differences in head positioning, acquisition errors and 
registration errors. These are discussed below.
For CBCT scanning, patients are usually fixated with a strap on the forehead 
and/or with a chin support. To minimise deformation of soft tissue in the region 
of interest (mandible), the chin support was avoided in this study. As the use of 
a strap on the forehead causes errors in the forehead region due to small soft 
tissue deformations, this should be avoided as well. Patients are CBCT 
scanned parallel to the occlusal plane, causing differences in positioning of the 
patient's head during the CBCT scan and acquisition of the 3D photograph. This 
results in registration errors especially in the neck region. Differences in facial 
expression during the two scans can also result in a registration error.
The registration error is partially attributed to the inability of CBCT to capture the 
soft tissue surface of a patient's face correctly. This is because of the low 
radiation dose of the CBCT scanner. It is not possible to capture the eyes 
correctly with stereophotogrammetry because the light pattern used to 
reconstruct a 3D photograph interferes with light reflection in the lenses of the 
eyes. Hence, the lenses appear to be concave instead of convex.
The distribution of the signed closest point distance between the untextured and 
textured surfaces provided evidence that the registration between the two 
surfaces was correct. It was unlikely that the error originated in the registration 
algorithm itself.
The interobserver error in table 3 illustrates that no interobserver difference was 
found for method 1. For methods 2 and 3, a small interobserver difference was 
found. This illustrates that different registration results can be found when 
different error regions are excluded.
In order to transfer the textured surface onto the untextured surface, rigid 
registration of the surfaces was not sufficient. In a rigid registration algorithm, 
only translational and rotational movements are allowed to fuse the different 
data sets. Non-rigid registration algorithms allow deformational movements of 
the surface as well. Although the latter technique is unfavourable for image 
fusion, there were specific reasons that permitted the use of non-rigid 
registration, such as rough untextured surface, different facial expression during 
both acquisitions and acquisition artefacts. Smoothing the untextured surface or 
simultaneous acquisition of the CBCT and 3D photograph may partially solve 
this technical problem.
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The registration error found in method 3 showed that this method is well suited 
for clinical use. This does not answer the question of whether a textured point of 
the 3D photograph is transferred onto the right point of the CBCT skin surface. 
Further research is needed to increase the accuracy of the matching process. 
Image fusion models of hard tissue models (CBCT), soft tissue surfaces (3D 
photograph) and digital dental models will enable more accurate research as 
the triad of soft tissues, bony structures and teeth are merged into one data set: 
the digital virtual head. Long term follow up using these 3D data sets will 
provide the data needed for 3D normative and reference databases on hard and 
soft tissue changes induced by e.g. orthognathic surgery. The quality of soft 
tissue simulation and prediction of surgical outcome improves with principle 
component analysis based on actual 3D information acquired with the methods 
explained in this publication.
From this study, it can be concluded that the 3D fusion model of the 3D 
stereophotograph and skull reconstructed from CBCT data provides a precise 
photorealistic digital 3D representation of a patient's face. The resulting data set 
is useful for oral and maxillofacial surgeons and orthodontists as a diagnostic 
tool, for preoperative planning, for postoperative evaluation and for 
communication with their patients.
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Abstract
The three important tissue groups in orthognathic surgery (facial soft tissues, 
facial skeleton and dentition) can be referred to as a triad. This triad plays a 
decisive role in planning orthognathic surgery. Technological developments 
have led to the development of different three-dimensional (3D) technologies 
such as multiplanar CT and MRI scanning, 3D photography modalities and 
surface scanning. An objective method to predict surgical and orthodontic 
outcome should be established based on the integration of structural (soft 
tissue envelope, facial skeleton and dentition) and photographic 3D images. 
None of the craniofacial imaging techniques can capture the complete triad 
with optimal quality. This can only be achieved by ‘image fusion’ of different 
imaging techniques to create a 3D virtual head that can display all triad 
elements. A systematic search of current literature on image fusion in the 
craniofacial area was performed. 15 articles were found describing 3D digital 
image fusion models of two or more different imaging techniques for 
orthodontics and orthognathic surgery. From these articles it is concluded, 
that image fusion and especially the 3D virtual head are accurate and 
realistic tools for documentation, analysis, treatment planning and long term 
follow up. This may provide an accurate and realistic prediction model.
A systematic review on 3D image fusion processes
Introduction
Facial soft tissue (skin, connective tissues, fat and muscles), facial skeleton 
(bone and cartilage) and dentition are the three important tissue groups in 
orthodontics and orthognathic surgery, which can be referred to as a triad9. 
Together with other structures such as the superficial musculoaponeurotic 
system (SMAS), the skeleton and dentition support the facial soft tissue 
surfaces. The triad plays a decisive role in planning orthodontic therapy and 
orthognathic surgery. Patients with a dysgnathic deformity need careful 
assessment of the facial soft tissues surface, the underlying maxillofacial 
skeleton and the dento-alveolar position and their interdependency.
Imaging and fusion techniques to analyse the facial profile, the facial skeleton 
and dentition for planning orthodontic therapy and orthognathic surgery have 
been available for over a century and can be described as analogue and digital 
techniques and image fusion models.
Analogue techniques
10 years after the first orthognathic surgery for a congenital deformity was 
carried out2,12, Babcock7 (1897) introduced the use of plaster casts for model 
surgery. This method of preoperatively performing the planned osteotomy on a 
dental plaster cast is still known as the ‘gold standard’ for planning 
postoperative occlusion. One decade later orthodontists start using 
anthropometry, clinical photographs, dental and facial plaster casts and early 
fusion models (1915 - 1926)1,67,105,107,108 for treatment planning. The development 
of these early fusion models was almost entirely abandoned in 1931 when 
Broadbent claims that cephalograms are more accurate for treatment planning, 
because they display the dentition in relation to the facial skeleton17. 
Cephalograms were soon accepted as ‘the gold standard’ for planning 
orthodontic treatment and orthognathic surgery. In this way, clinicians started to 
concentrate on two of the three structures of the triad (facial skeleton and 
dentition), despite the fact, that the overlying soft tissues define the facial 
outline99.
The disproportional focus on facial skeleton and dentition is evident in the 
treatment outcome of the patient, as this approach sometimes results in a good 
functional but poor aesthetic result. The use of cephalograms shows clinicians 
that some profile-related problems cannot be solved by creating a perfect dental 
arch with normal occlusion3 and that sometimes surgical displacement of the 
mandible and/or maxilla is required45. In the 1970s and 1980s, there was 
growing awareness that the aesthetic outcome is of equal importance to the 
patient as the rearrangement of the occlusion. Methods of studying the facial 
profile48,86,90 or for planning surgical treatment, with for instance Obwegeser’s
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‘Wunschprofiel’84 and methods of analysing the facial soft tissue surfaces were 
(re)introduced, including facial plaster casts94,95, anthropometry27,28 and 
analogue photography4,66,86.
Digital techniques
Digital photography was introduced to evaluate facial harmony4. It allows 
clinicians to establish a more proportional focus on all three structures of the 
triad, to assess the patient’s deformity4. An accurate and objective assessment 
of a facial deformity or a preoperative prediction of the surgical outcome in two 
dimensions, especially regarding asymmetry, will always be deficient since it 
does not address the volumetric changes of all the facial portions that determine 
neuromuscular balance and facial harmony. As a consequence, with a 
computer graphic two-dimensional (2D) representation of facial appearance46, it 
is not possible to achieve a realistic and acceptable result. From the 1980s, the 
shortcomings of these techniques induced an increase in the use of three­
dimensional (3D) imaging techniques114, such as facial surface laser 
scanning54,73, 3D stereophotogrammetry (3D photography)97 and (3D) video- 
imaging80,100 to render the facial soft tissue surface. Reconstructions of digital 
imaging and communications in medicine (DICOM) files from multislice CT 
(MSCT), cone-beam CT (CBCT) imaging36,77,78,117or MRI slices34 to display the 
skeletal structures and digital dental models to display the dentition61,87,92 were 
also investigated (Table 1).
With CT data, it becomes feasible to produce a life-sized 3D milled model15,16,64, 
a two stage resin model19,24,37 or a stereolithographic model11,32,33,74 of a patient. 
Various methods have been developed to integrate plaster casts into such 
models30,51,82,98,118. The facial skeleton models allow the surgeon to analyse the 
patient’s deformity and plan orthognathic surgery in three dimensions. In such a 
3D (augmented) model, model surgery can be performed only once and the soft 
tissue changes cannot be simulated. So, although the third dimension is 
introduced, one of the structures of the triad (the facial soft tissue surfaces) is 
still underestimated.
3D virtual planning software programs with a virtual operating room (VOR) were 
introduced at the end of the 1980s18. The IT revolution (2000s) has enabled 
significant improvements of these software modules25,104,125. The reconstruction 
of DICOM files in a VOR enables the clinician to document, analyse and plan 
orthognathic surgery on a facial skeleton model as often and in as many 
different ways as required104. Programs to analyse the facial soft tissue 
surface41,50 and dental models23 were also introduced. For the first time, these 
programs gave the clinician a true insight into all three structures of the triad, 
albeit separately and routinely on a 2D computer screen.
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Since most of the 3D imaging techniques only display one of the three 
structures with optimal quality6,68,82, it is evident that these imaging techniques 
are more powerful when they are used together. This emphasises the 
importance of image fusion of 3D image modalities to document and analyse 
the triad of a patient’s face accuartely9. This has enhanced a search for an ‘all in 
one’ assessment of the face. Such an assessment should be performed using 
one holistic digital data set as the result of an image fusion process, including 
the facial soft tissue surface, the facial skeleton and dentition: the 3D virtual 
head. This results in a realistic and accurate 3D fusion model, with the true 
rational relationships between the facial soft tissue surface, the facial skeleton 
and the dentition.
Image fusion models.
An image fusion model is defined as a composition of at least two different 
imaging techniques. The principle of image fusion is based on the creation of a 
single data set that contains all three structures of the triad. With segmentation 
by thresholding it is possible to reconstruct a volumetric facial skeleton with 
dentition and an untextured 3D facial soft tissue surface106. For example, a 
reconstruction of a (CB)CT contains the facial soft tissue surface representing 
the soft tissue, the bone volume representing the facial skeleton and the 
dentition. But the (CB)CT skin is untextured and the dental structures may 
contain streak artefacts caused by (in)direct restorations and/ or orthodontic 
fixed appliances. To improve the quality of the virtual face and dentition, it is 
necessary to superimpose a textured facial soft tissue surface (e.g. acquired 
with a stereophotogrammetrical camera setup)6,36,59,68 and to upgrade or replace 
the dental images (e.g. with digital dental casts)29,82,102,109,110,111,112,113.
3D data can be fused using three different methods115: point based matching 
with or without the use of a reference frame; surface based matching36,59,68; and 
voxel based matching110,111,115. The matching process of the first method is 
based on corresponding points, while the other two use congruent surface 
points or voxels (volumetric picture elements) of a manually selected region. 
Based on the triad, four possible 3D fusion models can be distinguished:
1. image fusion of the facial skeleton and the dentition;
2. image fusion of the facial soft tissue surface and the facial skeleton;
3. image fusion of the facial soft tissue surface and the dentition; and
4. image fusion of the facial soft tissue surface, the facial skeleton and the 
dentition.
Ad 1. Three methods are used to display the facial skeleton and the dentition: 
the life-sized stereolithographic (STL)71 or milled51,63 models augmented with 
dental casts; digital dental casts integrated in cephalograms121,122; and a 3D
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reconstruction of the (CB)CT with integrated digital dental casts29,82. The first 
two are outdated. The third method virtually displays the facial soft tissue 
surface and the facial skeleton in 3D. The integration of digital dental casts into 
the CBCT reconstruction establishes an augmentation with improved 
visualisation of the dentition.
Ad 2. Apart from matching conventional26 or digital photographs with a lateral 
cephalogram, which is purely a 2D technique, three methods are used to fuse 
the facial soft tissue surface and the facial skeleton: matching a 3D photograph 
with a lateral and anteroposterior cephalogram5; mapping 2D photographs onto 
CBCT or MSCT data75; and fusing a 3D photograph or a 3D surface laser scan 
with the reconstruction of MSCT or CBCT data36,59.
Ad 3. Several methods were developed about 80 years ago to display both the 
facial soft tissue surface and the dentition1,13,67,105,107,108, which have all been 
abandoned. Nowadays, it is possible to fuse 3D data of the facial soft tissue 
surface with a digital dental model96.
Ad 4. The integral fusion model consists of a (CB)CT reconstructed bony 
volume, in which the dental structures are replaced by a digital dental model 
and the textured facial soft tissue surface is superimposed upon the untextured 
facial soft tissue surface of the (CB)CT. This model visualises the textured facial 
surface, as well as the 3D skeletal structures and the dentition without 
artefacts9.
Despite progress in surgical outcome (functionality, aesthetics and stability), 
orthodontists and oral and maxillofacial surgeons have not been able to develop 
an objective method to evaluate the soft tissue changes caused by orthognathic 
surgery 91,93, nor to predict the surgical outcome. To date, advanced 3D imaging 
techniques are available that can display the individual structures of the triad 
quite accurately, but none of the available craniofacial imaging techniques can 
capture the complete triad at once with optimal quality6,68,82. It is thought that this 
can only be established based on a 3D image fusion process.
The aim of this systematic review is to summarise the state-of-the-art of 3D ima­
ging and 3D fusion models in orthodontics and orthognathic surgery.
Methods and materials
Search strategy
The PubMed databases (Medline database, free open access of PubMed 
central, out of range articles, articles marked as ‘epub ahead of print’ and free 
full text articles) (1950 to 11 June 2009), and the OVID databases (Embase, 
1980 to June 2009 and the Cochrane databases (the Database of Abstracts of
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Reviews of Effects and the Central Register of Controlled Trials)) (4 June 2009) 
were searched. No language limit was applied. Four subqueries were defined, 
categorising the fusion processes, the head, 3D and the medical field of 
interest. The subqueries were combined for the overall systematic search in 
PubMed and OVID, which resulted in the following query:
(generic OR image OR fusion OR fusio* OR registration OR registrated OR 
dataset OR augmented OR model OR superimposition* OR ‘composite 
model’ OR simulation) AND (head OR skull OR face OR facial OR 
maxillofacial OR craniofacial OR craniomaxillofacial OR orofacial OR 
dentofacial OR hard tissue OR ‘hard tissue’ OR bone OR bony OR soft 
tissue OR ‘soft tissue’ OR virtual head OR ‘virtual head’) AND (3D OR 3-D 
OR ‘three dimensional’ OR three-dimensional OR three-dimensional 
imaging) AND (orthodontic* OR oral surgical procedures OR orthognathic* 
OR dysgnathic*).
Inclusion and exclusion criteria
As the first step, articles concerning image fusion models of the head were 
included. The following exclusion criteria were applied:
• studies concerning implantology or head and neck oncology, to limit the 
review to the field of imaging in orthognathic surgery; and
• studies describing integration of dental models into a stereolithographical 
3D model, even though the resulting real model can be manipulated, the 
digital data cannot be manipulated.
As the second step, all articles discussing a fusion of at least two different 3D 
imaging techniques were included. Exclusion criteria were:
• measurements made on linked anteroposterior and lateral 
cephalograms, often referred to as 3D cephalometry (this form of 
cephalometry is not performed on a 3D image so models using it to 
register a digital dental cast or a 3D photograph were excluded);
• articles concerning navigation; and
• studies on prediction/ simulation models, since these focused on marker 
registration or simulation algorithms, respectively, and did not discuss the 
image fusion processes itself.
The reference lists of each selected publication were hand-searched to 
complete the search, resulting in two additional articles.
Results
15 articles met the inclusion criteria. The QUORUM diagram is shown in 
figure 1. All 15 articles described a fusion model of at least two different 3D 
digital imaging techniques. An overview of the characteristics of the included
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studies is presented in table 2. Four articles discussed a fusion model 
concentrating on the facial soft tissue surface and the facial skeleton. Nine 
concentrated on fusion models between the facial skeleton and the dentition, of 
which three studies were performed in vitro on skulls. One study was identified 
on a fusion model between the facial soft tissue surface and the dentition. One 
discussed a fusion model concerning the facial soft tissue surface, hard tissue 
and the dentition.
Fusion modeis N=3 
N=794
Articles retrieved for more information 
N=764
Articles on fusion of at least 2 different
3D imaging techniques
N=24
Extuded articles 
N=30
Reason: duplicates
Excluded articles 
N=74Q
Reason: did not meet the first step inclusion 
criteria
Excluded articles 
N=12
Reason: 20 cephalometry technique N=6 
navigation N=3 
________ prediction models N=3________
Potentially appropriale to include 
N=12
Hand search 
N=3
Final selection
N=15
Figure 1. QUORUM flow diagram. Flow chart o f the article selection process.
Discussion
After discussing the advantages, limitations and current value of the different 
imaging techniques per structure of the triad (Table 1), the available fusion 
models of the four different fusion models are evaluated critically (Table 2). For 
each fusion model, the technique, the advantages, the limitations and the 
current value of the different ‘fusion’ methods are reviewed.
Evaluation of imaging techniques
Facial soft tissue surface
The five imaging techniques most used for facial soft tissue surfaces are:
1. 2D photography75;
2. MRI85;
3. 3D ultrasonography43;
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4. 3D surface laser scanning53,56; and
5. 3D photography/stereophotogrammetry50,65,68.
With 2D photography, two to six 2D photographs can be added to the 
untextured skin surface of a (CB)CT scan75,111,124. Although the technique is 
fundamentally not based on 3D data and a 3D surface of CT or CBCT is 
mandatory in the background, it is an easy, accurate and low priced technique 
for image fusion of hard and soft tissues.
MRI uses a powerful magnetic field disturbed by radiofrequency fields causing 
the hydrogen nuclei to create a detectable rotating magnetic field to produce 
multiple 2D axial images, which can be reconstructed into 3D models85. The 
main advantages of MRI are the absence of ionising radiation and information 
about the inner soft tissue layers. Disadvantages are high costs, the horizontal 
scanning position of the patient, no textured surface, a long acquisition time and 
hence the risk of facial movement during scanning. These make MRI imaging 
unsuitable for image fusion.
With 3D photography it is possible to capture 3D textured surfaces of the face 
that are metrically accurate and photorealistic in appearance50. Two to six 
cameras in a stereo setting acquire in only two milliseconds a set of images out 
of which a digital 3D image is reconstructed in 10 - 20 seconds. This 
reconstructed image is then rendered. As a result, a polygonal mesh with true 
colour textured information is obtained. Further advantages are lack of ionising 
radiation as well as movement artefacts, accurate representation of textured 
facial soft tissue surface and reduced costs in comparison to, for example laser 
surface scanning. Disadvantages of certain stereophotogrammetrical camera 
setups are the necessity of daily calibration, poor precision of shiny surfaces, 
such as eye lenses and teeth, and difficulties with hair65, glasses and undercut 
areas, such as the subnasal and the submental area.
Owing to the severity of certain disadvantages, 3D ultrasonography (distortion 
of the surface), MRI (horizontal scanning position) and laser surface scanning 
(harmful to the eyes) are not suitable for 3D image fusion. 2D and especially 3D 
photography do provide high quality images without harm to the patient and are 
suitable for 3D image fusion.
Facial skeleton
There are three 3D imaging techniques used to capture data for the 
reconstruction of the facial skeleton:
1. MSCT data8,47,
2. CBCT data78, and
3. MRI slices2134.
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Table 1. Imaging techniques for the facial soft tissue surface, the facial skeleton and the dentition
Technique/hardware Advantages Disadvantages 3D digital 3D virtual head
Facial soft tissue surface
accurate not 3D
2D photography easy 
low costs
volumetric (CB)CT data necessary 
to match textured surface
no yes
MRI see below see below yes no
time-consuming
3D ultrasonography low costsno ionising radiation
no textured surface
deformation of soft tissue due to
contact between probe and skin
yes no
harmful to eyes
long acquisition time
3D laser surface scanning accurate data multiple scanners necessary for textured surface 
high costs
sensitive to light and metal objects
yes no
no radiation
3D photography /
3D stereophotogrammetry
accurate and metrically correct data poor accuracy eye lenses
short acquisition time (2 ms) 
textured surface soft tissue 
low costs
poor accuracy of subnasal and 
submental area
yes yes
Facial skeleton
horizontal scanning position
high dosis ionising radiation
MSCT data high quality images high amount of streak artefacts
high costs
out of office imaging
yes no
upright scanning position
reduced ionising radiation relatively more noise in data
(CB)CT reconstruction in office scanning
acquisition time of 40 seconds or 
less
no Hounsfield unit calibration yes yes
MRI
no ionising radiation
accurate information of different
layers soft tissue
high costs
horizontal scanning position 
no textured surface data yes no
long acquisition time
Dentition
Digitised plaster cast reduction of streak artefacts plaster casts mandatory yes yes
(CB)CT reconstruction see above see above yes no
plaster casts not needed
CT / laser scanned 
impression
correct occlusion with wax bite 
possibility to produce a plaster casts 
remains
impression is mandatory yes yes
no impression needed
Digital impression by acquisition time 30 seconds spray on dentition yes nointraoral scanning device easy to use 
patient friendly
facial soft tissue surface (FSTS), facial skeleton (FS), dentition (DT), cone-beam computer tomography (CB)CT, multislice CT 
(MSCT), magnetic resonance imaging (MRI).
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A MSCT scanner847 uses a fan shaped X-ray to collect multiple thin slices of a 
patient’s face on multiple 2D detectors. A high radiation dose is needed, which 
results in high quality images but increases the amount of streak artefacts. Data 
are collected in a horizontal position, as a result of which the facial soft tissues 
are not captured in their natural shape. Further disadvantages are the high 
costs and out of office imaging.
In contrast to the MSCT scanner, the CBCT scanner78 uses a cone shaped X- 
ray beam and one large 2D detector to capture the cone shaped beam. The 2D 
detector is able to record a large (e.g. 16 cm x 22 cm) area of the face in one or 
two rotations (20 - 40 seconds), thus reducing the effective radiation dose as 
compared to MSCT scanning. Artefacts at the level of the occlusion and their 
extension into the soft tissue are reduced, which increases the accuracy of the 
registration42,49,70’120. The patient can be positioned upright with a natural head 
position76 and the facial soft tissues are captured in their natural shape. Office- 
based imaging increases access for the routine dentofacial patient, while 
avoiding waiting lists and reducing costs. In comparison to a MSCT scanner, a 
CBCT has several disadvantages: owing to the lower radiation dose, the image 
contains more noise and the grey value of a structure in the field of view is 
dependent of the scanning volume and the scanning position123. There is no 
Hounsfield unit calibration. The cone shaped X-ray beam causes the Hounsfield 
units to vary within the same type of tissue, necessitating improved cone beam 
reconstruction algorithms116,123. It is expected that an enlargement of the field of 
view of the CBCT scanners and shortening of the acquisition time will reduce 
the risk of movement artefacts improving the quality of the images.
MRI slices34 can also be used to capture the facial skeleton. Hypothetically, MRI 
is preferred over (CB)CT, because it does not expose the patient to radiation. 
Besides the disadvantages mentioned earlier, the quality of the skeletal data is 
currently not acceptable for planning orthodontic therapy and orthognathic 
surgery20. Overall, a CBCT scan with a horizontal scanning position is preferred 
to a MSCT scan and MRI scan for imaging the facial skeleton when planning 
orthodontic therapy or orthognathic surgery116.
Dentition
Four imaging methods are available to digitise the patient’s dentition for the 
virtual head:
1. digitisation of the plaster cast, with a (CB)CT scanner102, laser 
scanner14,69 or Moiré topography58;
2. a digital data set reconstructed from (CB)CT data102;
3. a CT or laser scanned impression 96; and
4. a digital impression obtained by direct intraoral 3D scanning.
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Digitisation of a plaster cast can be done with a (CB)CT scanner102, a digitiser 
(laser scanner)14, a non-destructive laser69 or Moiré topography58. After pouring 
the impression and scanning the dental cast, the digital dental cast is easily 
stored on any storage device as a small file (<1 Mb) and is simultaneously 
viewable at multiple locations (peer-view communication). Each of these 
imaging techniques for rendering the dental model significantly reduces the 
streak artefacts, which improves the quality of the digital dental cast82, but it is 
mandatory to pour the cast.
The second method consists of capturing a (CB)CT scan of the patient and 
using the DICOM images to render a 3D volume of the dentition102,115. Dental 
imaging derived from CT data have important disadvantages: (in)direct metal 
restorations and brackets generate streak artefacts and acrylic resin fillings 
show a grey value similar to the grey value of the soft tissues, which imply that 
this method is not suitable for capturing the dentition for planning orthodontic 
therapy and orthognathic surgery.
The third method is to scan the dental impression of the dental arches with a 
(CB)CT scanner96. Without the need for a plaster cast, a digital dental model 
with the correct relationship between the upper and lower arch is reconstructed 
from the (CB)CT data.
The fourth method is a digital impression taken with chairside intra-oral 
scanning devices. With this technology, the 3D data of the dentition are directly 
captured without the need for impression material or the fabrication of a plaster 
cast. The technique is rapidly developing, but its use in a clinical setting is still 
limited.
At present both dental cast models (either (CB)CT or laser scanned) and 
digitally scanned impressions can be used in fusion models for dental imaging. 
In the future digital impressions may be used as well.
Critical evaluation of image fusion models
Image fusion of facial skeleton and dentition
Three methods are used to display the facial skeleton in combination with the 
dentition:
1. life-sized STL71 or milled5163 models augmented with dental casts;
2. digital dental casts integrated in cephalograms 121,122 and
3. 3D reconstruction of the (CB)CT with integrated digital dental
Cgsts 30,31 ’82’102’109’110,112,113,122
The first method was developed shortly after the introduction of life-sized STL or 
milled 3D models. Researchers invented methods to integrate a plaster cast
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into such a model, which have been used for planning and simulating 
orthognathic surgery51,63,71. One of the advantages of these augmented models 
is the elimination of streak artefacts51,62. Osteosynthesis plates or devices can 
be prebent on these models. The radiation dose, costs, inaccuracy and difficulty 
of the procedure do not countervail against the ability of performing model 
surgery only once.
Fusion of cephalograms and digital dental casts121,122 was developed to reduce 
radiation exposure or to overcome the unavailability of MSCT or CBCT 
hardware. Specific landmarks on the cephalograms and dental cast are 
identified, digitised and integrated with each other to create a semi-3D outline of 
the facial skeleton and the dentition. In comparison to the use of MSCT data, 
there is a reduction in radiation exposure and cost. The non-adjustable digitised 
cephalometric landmarks create a computerised outline of the patient, without a 
true volumetric representation of the facial skeleton. This reduces the value of 
these models for volumetric prediction and simulation models.
The third method (nine hits)30,31,82,102,109,110,112,113,122, augmentation of the (CB)CT 
reconstruction by the integration of digital dental casts, eliminates the problems 
of the previous methods and enhances the quality of the dental 
structures31,102,110,113. The visualisation of the interocclusal relationship is 
accurate and results in precise dental morphology of the surfaces and cusps. 
The disadvantages, such as the significant computing time required for the 
fusion process and the exposure to radiation are outweighed by the advantages 
of the 3D virtual planning and simulation. The developmental progress of this 
fusion model resulted in a method that enables accurate planning and 
simulation of orthodontic therapy and orthognathic surgery.
Three methods can be used to determine the exact localisation of a digital 
dental model in a (CB)CT data set: point based registration with a splint with 
markers (seven hits)30,31,102,109,112,113,122, surface based registration (one hit)82 and 
voxel based registration with an impression based bite registration (one hit)110.
For the first registration method, dental casts and a specially designed splint 
have to be fabricated. Next, a double scan procedure is used to acquire a data 
set of the patient while wearing the splint and a data set of the dental cast with 
the splint between the upper and lower cast model. Markers on the splint are 
necessary for point based iterative closest point (ICP) registration10,36 of the 
scan of the patient with splint and the scan of the dental cast with splint. This 
registration method is accurate but the position of the integrated digital dental 
model may vary because only a few points of the available volume are used for 
registration. This method is too time consuming for daily practice especially
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since the dental models of the upper and lower arch are integrated 
separately110.
For the second registration method a surface laser scanner is used to digitise 
the dental model. The digital dental model is surface based registered with the 
dental surface of the reconstruction of the CT scan data82.
In the third method, voxel based registration is used to augment the facial 
skeleton 110. An impression based bite registration (Alginot Kerr USA, Orange, 
California, USA), made with a triple tray (Premier, Plymouth Meeting, 
Pennsylvania, USA) is scanned to capture an accurate digital model of the 
dentition. Two low radiation dosed scans capture the patient once with and 
once without the impression. Specific comparable volumetric regions are used 
to register these three data sets, which reduces matching errors compared with 
point based registration techniques. The patient is exposed to more radiation.
The (CB)CT image of the facial skeleton augmented with a digital dental model 
is currently the most accurate fusion model to display the facial skeleton and the 
dentition, especially when it is voxel based. This model increases the 
preoperative insight into the occlusal and skeletal anatomy of the patient, but it 
does not represent skin texture. Consequently, an upgrade with a textured facial 
soft tissue surface is mandatory.
Image fusion of facial soft tissue surface and the facial skeleton
Three methods are used to fuse the facial soft tissue surface and the facial
skeleton:
1. matching a 3D photograph with a lateral and anteroposterior 
cephalogram5;
2. mapping 2D photographs onto CBCT or MSCT data75; and
3. a 3D textured surface derived from a 3D photograph or a 3D surface 
laser scan with the reconstruction of MSCT, CBCT data or MRI
slices6,36,59,68.
Matching a 3D photograph with a lateral and anteroposterior cephalogram5, was 
developed to avoid the use of a CT scan and limiting exposure to ionising 
radiation. The disadvantages are comparable to the fusion model of 
cephalograms and digital dental casts and do not provide a complete 3D 
representation of the patient.
Mapping 2D photographs onto CBCT or MSCT data is relatively easy and 
cheap. Six digital photographs (frontal, left and right three quarter, left and right 
lateral and submental view) are fused into a reconstruction of the facial soft 
tissue surface of (CB)CT reconstructed data set using surface based 
registration. In this way, texture is added to the 3D data set. This method needs
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a specific algorithm and can only be realised with specific software with a virtual 
operating room75,110.
Fusing a 3D textured surface derived from a 3D photograph or a 3D surface 
laser scan with the reconstruction of MSCT, CBCT data or MRI slices36,59 is 
currently the most applied technique (four hits)6,36,59,68. Until 4 years ago, 3D 
laser surface scanning was often applied to capture the facial soft tissue 
surface52,53,53,55,56,57,72. Currently, 3D stereophotogrammetry imaging systems are 
more reliable and have become the gold standard: all publications discussing 
fusion models of the facial skeleton and the surface soft tissue use 3D 
stereophotogrammetry (four hits)6,36,59,68. CBCT is mentioned in only one 
publication68. This is probably due to the recent availability of CBCT scanners 
with a large enough field of view to scan the complete face, which may change 
over the coming years. CBCT is preferred because of the upright scanning 
position, the limited exposure to ionising radiation and the straightforward 
reconstruction of both soft, hard and dental structures from the DICOM 
files103,104. The surface based registration procedures consist of several (semi) 
automatic steps. First, the data sets are approximately aligned with a 
Procrustes algorithm without scaling6,36,59,68. The next step to align the data 
precisely is based on an ICP algorithm6,36,59,68. The final registration step is 
performed with non-rigid registration, which allows translational, rotational and 
deformational movements of the data36,68. This non-rigid registration is not 
preferred for image fusion because rough surfaces, differences in facial 
expression and acquisition artefacts along the eyes, nose and mouth, can 
cause an imperfect match36,68. This means that non-rigid registration is still 
necessary to enable fusing the data.
Matching a 3D photograph with a 3D reconstruction of CBCT data has potential 
for future models of prediction and simulation of orthodontics and orthognathic 
surgery, especially if captured with an all-in-one imaging technique. It can 
provide additional information about facial harmony because the relationship 
between the facial skeleton and the facial soft tissue surface is preserved. 
When comparing pre- and postoperative data sets it enables objective 
evaluation and quantitative measurement of soft tissue changes induced by 
orthognathic surgery while creating a photographic 3D representation of 
changes in facial harmony. The remaining challenge is the transfer of the virtual 
planning into the surgical situation. For that purpose, accurate data of the 
dentition are mandatory and upgrading with a digital dental model is necessary.
Image fusion of facial soft tissue surface and dentition
Since the introduction of 3D imaging there has been a renewed interest in the 
fusion of facial soft tissue surface and dentition, because for most orthodontists 
the dentition and the facial outline are the most important structures for
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analysis, treatment planning and prediction. Only one article describes a 
technique to fuse the surface soft tissue with a digital dental cast96. The 3D data 
of the facial soft tissue surface are rendered twice with a 
stereophotogrammetrical camera setup: after a picture with normal facial 
expression is taken, a second photograph with cheek retractors is taken to 
visualise the tooth surfaces. With a double surface based registration procedure 
on selected regions such as the buccal surfaces of the teeth for the first and the 
forehead for the second registration, the digital dental model is fused with the 
3D photograph. This fusion process results in anatomically correct positioned 
dentition within the facial soft tissue surface. The main advantages are that it is 
a fast, relatively cheap, easy and patient friendly fusion model, which does not 
harm the patient because there is no radiation exposure. The main 
disadvantage is the lack of information about the facial skeleton, which may be 
overcome by setting up a normative reference database. Potentially, this model 
can be of great importance, especially in growth studies.
Image fusion of facial soft tissue surface, facial skeleton and dentition
Three different methods have been described for the integral fusion
model79,83,85,110, of which one model was included in the search:
1. a mean 3D head based on conventional cephalograms adjusted with 3D 
facial and dental data79,83;
2. a 3D head based on MSCT and MRI data85; and
3. the 3D virtual head based on the augmented model110 (unpublished).
Nakasima et al.79 developed the first complete 3D model for prediction of 
orthognathic surgery based on a ‘standard Japanese model’, which can be 
adjusted to the patient’s head with digitised landmarks from conventional 2D 
cephalograms, 3D stereophotographs and dental casts. Noguchi et al.83 
described a comparable image fusion technique using a conventional lateral 
and anteroposterior cephalogram (representing the axes of a Cartesian 
coordinate system) as a base to integrate a 3D laser scanned facial surface and 
a 3D laser scanned dental cast. In order to use the model for simulation of a 
bilateral sagittal split osteotomy, a generic MSCT model of a mandible is used, 
which is mathematically transformed (reshaped) before integrating it with the 
cephalograms and the dental casts. In these two Japanese models, the 
limitations of 2D imaging are preserved within these 3D models, because the 
3D models are aligned to 2D representations of the patient’s outline. Using a 
‘mean’ head, adjusted to the patient’s 2D data, does not guarantee an accurate 
preoperative representation of the patient’s head. Although the patient has not 
been exposed to high doses of ionising radiation, the 3D model is not a realistic 
representation of the patient’s face and therefore, it is not suitable for a realistic 
prediction of orthognathic surgery.
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In the second and third methods, these problems are overcome by using 
volumetric data from the individual patient.
The second method85 uses MRI slices for the volumetric soft tissues and MSCT 
data for the facial skeleton, both captured in a horizontal position, and laser 
scanned dental casts for the dentition. Although all the structures of the triad are 
included, the model misses a textured facial surface and the soft tissues are not 
captured in a natural head position so changing the facial soft tissue surface 
shape. It does include the volumes of the mimic muscles, which enables the 
study of musculovolumetric changes caused by orthognathic surgery22.
The third method is based on the augmented model of Swennen et al. (one 
hit)110. CBCT data are used as a data set for skeletal information but also as a 
volumetric base for the fusion processes. A 3D image and CBCT scanned 
impressions are added to augment the CBCT skeletal data set9. A fusion model 
of the volumetric facial skeleton, the digital dental model and textured facial 
surface provides a realistic and accurate virtual model of the patient’s head117. 
An impression based bite registration is scanned to capture an accurate digital 
model of the dentition. The patient is scanned with the impression, which 
unavoidably causes distortion of the facial surface. A second scan of the patient 
is acquired to capture the undisturbed facial soft tissue surface. A voxel based 
matching procedure is used to fuse these three models, which is less sensitive 
to matching errors compared with a point based registration. Finally, a 3D 
photograph can be fused with the untextured facial surface to complete the 3D 
virtual head (surface based registration)115. Advantages of this model are the 
accurate 3D representation of the patient’s face and the unlimited possibilities 
when importing it into a virtual scene to perform cephalometric analyses117, 
virtual osteotomies, distraction osteogenesis as well as simulations and 
prediction of the surgical outcome115. Relative disadvantages are the additional 
exposure to ionising radiation, separated data gathering, the lack of fully 
automated fusion processes and the considerable computing time. The unique 
advantage is that this is the only fusion model providing a complete 3D virtual 
head, with all the three structures of the triad.
There are several problems related to the integral fusion model of the facial soft 
tissue surface, the facial skeleton and the dentition. 3D imaging and 3D image 
fusion processes are expensive and time consuming. A large amount of 
hardware and software is needed and it takes approximately 1 hour to compute 
a 3D virtual head. This includes many semi-automated steps, which are prone 
to errors. A physician or engineer has to participate in the fusion process, which 
increases staffing costs. These are relatively important disadvantages: a 
simulation cannot replace the clinical assessment of the patient and may add 
questionable added value for simple cases. This, combined with a conservative
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attitude and a predilection towards traditional methods, tends to keep clinicians 
from implementing 3D virtual imaging into daily practice.
In time these steps will reduce computing time and costs as it provides a 
realistic model with detailed anatomy of the patient’s triad. It allows for the most 
accurate communication and shared decision making with patients and 
colleagues. 3D treatment planning is more meticulous compared with 2D 
treatment planning as it illustrates volume changes of the facial structures 
instead of projected midline changes. Multiple simulations of different 
osteotomies and skeletal movements can be made within the virtual operating 
room, aiding decision making regarding aesthetic and functional predictions41,117. 
This fusion model replaces the need for model surgery, since the virtual head 
can also be used to design a surgical wafer. The latter, which can be used as a 
surgical guide, transfers the virtual planning to the operating theatre. 
Postoperative evaluation will give feedback on the performed procedure and 
can be used for teaching purposes. Long term follow up of various orthognathic 
deformities and procedures will deliver normative and reference data, which can 
be used to enhance the accuracy of prediction models75,119. In time, these data 
will enable more individualised, rather than average, predictions of soft tissue 
changes induced by facial skeleton displacements, but also allow the 
computation of the necessary facial skeleton changes to achieve the desired 
soft tissue adjustments. It is reasonable to expect that the long term outcome of 
orthognathic surgery will improve thanks to more systematic accurate planning 
and comparison of pre- and postoperative appearances when using the 3D 
virtual head38, 39, 40, 41,59,72,81,88,89,117. Ideally, the data should be acquired with an ‘all 
in one’ imaging technique, which would reduce the differences in facial 
expression at the moment of acquisition.
Overviewing the current literature, it is obvious that many clinicians agree that 
3D imaging and 3D image fusion are of great importance for preoperative 
clinical assessment and postoperative follow up6,9,35,65,101,111,115,123. When an 
image fusion model is used, the authors prefer the 3D virtual head based on the 
augmented model. All currently available fusion models are expensive and need 
improvements before they meet the demands of improved prediction and 
simulation. If the fusion models are implemented in daily clinical practice, the 
authors expect that the financial and IT problems are solvable within the next 
five years. Clinicians have striven for a 3D (virtual) fusion model, such as the 3D 
virtual head for more than a century to support clinical assessment. With its 
current availability, clinicians should consider the added value of these 
techniques and the enhanced diagnostics and planning. They should embark on 
introducing this technology in their surgical-orthodontic practice.
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Table 2. Overview o f fifteen articles discussing a 3D fusion model, including a complete overview o f the integral fusion model
Author Facial soft tissue surface Facial skeleton Dentition
Data set for 
reconstruction Registration Bite registration In vivo / In vitro Patients (N)
Image fusion of the facial soft tissue surface and the facial skeleton
Ayoub6 3D photography MSCT - DICOM surface based - in vivo
(dentofacial deformities) 6
Groeve36 3D photography MSCT - DICOM surface based - in vivo
(facial asymmetry) 1
Khambay59 3D photography MSCT - DICOM surface based - in vivo 1
Maal68 3D photography CBCT - DICOM surface based - in vivo
(dysgnathic patients) 15
Image fusion of the facial skeleton and the dentition
Gateno30 - CT laser scanned 
impression
fudicial markers triple tray in vitro 
(dry skull) 1
Gateno31 - CT laser / CT scanned 
dental cast
DICOM fudicial markers bite jig with fiducial 
markers
in vivo
(craniofacial deformities) 5
Nkenke82 - MSCT MSCT scanned dental 
cast
DICOM fudicial markers acrylic wafer in vivo 1
Schutyser102 - CT CT scanned dental cast DICOM point based splint with gutta 
percha markers
in vitro 
(dry skulls) 10
Swennen110 - CBCT CBCT of triple tray 
impression
DICOM voxel based wax bite in vivo 
(dysgnathic) 10
Swennen102' 109 - MSCT MSCT scanned dental 
cast
DICOM point based acrylic wafer in vitro
(dry cadavers) 10
Swennnen112 - MSCT MSCT scanned dental 
impressions
DICOM point based wax bite in vivo 10
Swennen113 - CBCT CBCT scanned alginate 
impressions
DICOM surface based modified wax bite 
wafer
in vivo 10
Uechi122 - MSCT Laser scanned dental 
cast
DICOM fudicial markers splint with fiducial 
markers
in vivo
(dysgnathic patients 2
Image fusion of the facial soft tissue and the dentition
Rangel96 3D photography - CT scanned impressions - surface based - in vivo 1
Image fusion of the facial soft tissue surface, the facial skeleton and the dentition
Olszewski85 MRI MSCT laser scanned dental 
cast
DICOM wax bite in vivo 1
3D FIRG model* SD photography CBCT alginot triple scan DICOM voxel and surface 
based
alginot impression in vivo
cone-beam CT (CBCT), multislice CT (MSCT), magnetic resonance imaging (MRI), anteroposterior (AP), lateral (lat), digital imaging and communications in medicine (DICOM)' 
*Integral fusion model preferred by the authors (unpublished).
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Abstract
The authors aimed to propose a new combination of image fusion 
techniques to compose a 3D virtual head. For the integral fusion model 
presented, a digital dental data set (step A) and a textured facial soft tissue 
surface (step B) were registered with a base data set, reconstructed from 
CBCT derived DICOM files. The advantages of fusing the facial skeletal data 
set with the digital dental set based on the gingival markers and a textured 
facial soft tissue surface were clear: it seemed to be a non time-consuming, 
patient and user friendly method, while the patient was not exposed to 
relatively high radiation doses. This method appears to simplify the patient 
procedures compared to the use of any kind of splint or silicone impression.
A new proposal for a 3D virtual head
Introduction
In order to plan orthodontic therapy or orthognathic surgery a careful clinical 
assessment is necessary to analyse the dental, facial and / or dysgnathic 
deformity of the patient. In addition, 3D imaging of the face provides important 
3D information concerning such a deformity. In the past decades several 
methods have been described for 3D imaging of the three most important facial 
structures, known as the triad of the facial soft tissue surface, the facial skeleton
17and the dentition17. These 3D imaging techniques of the face have to be as 
unharmful as possible to the patient, have to result in a realistic and accurate 
model and need to be acquired fast, in order to avoid movement artefacts. 
Furthermore, 3D data must be easy to acquire and easy to digitise. They should 
be acquired in an upright patient position to avoid distortion of the soft tissues 
by gravitation and they should be researcher and patient independent.
Various 3D imaging techniques have been developed and implemented into 
clinical practice to display these structures in three dimensions9,14,21. However, 
none of the available 3D imaging techniques, can capture the complete triad 
with optimal quality1,12,15. A reconstruction of (cone-beam) computer tomography 
((CB)CT) data, for instance, contains the facial skeleton, an untextured facial 
soft tissue surface and often a scattered dentition due to streak artefacts 
caused especially by orthodontic fixed appliances and / or by (in)direct 
restorations. Augmentation with a textured facial soft tissue surface (e.g. 
acquired with a 3D stereophotogrammetrical camera setup)1,7,10,11 and 
replacement of the teeth with an unscattered dentition (e.g. with digital dental 
casts)4,15,23,26,27,28,29,30 is necessary for proper virtual documentation. The latter 
processes are defined as image fusion. The foundation of image fusion is based 
on the fact that at least one of the data sets contains all three structures of the 
triad, e.g. the reconstruction of the (CB)CT data. A systematic search17 
(extended to 02 February 2010) retrieved 18 articles 1,5,6,7,10,11,15,16,20,22,23,26,27,28,29,30, 
33,35 dealing with fusion models of the face. Only two of these fusion models 
discussed an in vivo fusion model of the complete triad16,28, which indicates that 
the knowledge and hence the application of these models is still in its infancy. 
The aim of this article was to describe an image fusion model of the 3D virtual 
head, which can be used for documentation, treatment planning and simulation 
of orthodontic therapy and orthognathic surgery.
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Materials and methods
One volunteer was asked to participate in this study as part of the study 
protocol (181/2005) that was approved by the Medical Ethical Commission of 
the Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.
For the 3D virtual head or integral fusion model three data sets were required:
1. a reconstruction of a (CB)CT (base data set), containing the facial 
skeleton, the untextured facial soft tissue surface and the (scattered) 
dentition,
2. the textured facial soft tissue surface acquired with a 
stereophotogrammetrical camera setup and
3. the digital data set of the dentition without artefacts reconstructed from 
CT scanned dental impressions.
These data sets were fused using marker based registration (step A) and 
surface based registration (step B). These acquisitions are discussed in detail 
below.
Acquisition of the data sets
Five rectangular titanium markers (1 x 2 x 1.5 mm) (Speed split stops, Strite 
Industries Limited, Cambridge, Ontario, Canada) were glued to the vestibular 
attached gingiva 2 - 3 mm above the cervical margin using a tissue adhesive 
(Indermil®, Henkel Ireland Ltd., Whitestown, Dublin, Republic of Ireland) at the 
level of the sagittal midline, canines and first molars in the upper and lower jaw 
(5 minutes)(Figure 1)19.
*11u  «
\  —
Figure 1. Five rectangular titanium markers were glued to the gingiva using a 
tissue adhesive at the level o f the sagittal midline, canines and first molars in the 
upper jaw  and in the lower jaw.
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Figure 2. Facial soft tissue surface (left) and facial skeleton and titanium markers (right) 
reconstructed from CBCT data.
After the adhesive had dried (5 minutes), an extended height CBCT (i-CAT®, 
Imaging Sciences International, Hatfield, USA) was acquired of the patient 
according to a standardised protocol (field of view: 17 cm diameter, 22 cm 
height; scan time 2 x 20 s; voxel size 0.4 mm) at 129 kV and 47.74 mA 
(5 minutes positioning time and 40 seconds scanning time). The patient was 
scanned in natural head position with the occlusal plane parallel to the 
horizontal laser positioning line of the scanner. Data from the CBCT were 
exported in a DICOM format. With thresholding three isosurfaces were rendered 
representing a facial skeleton including the dentition (isovalue of 276), an 
untextured facial soft tissue surface (isovalue of - 965 ± 5) and the titanium 
markers (isovalue of ± 3500) - which are referred to as the base data set - using 
Maxilim® software (Medicim NV, Mechelen, Belgium) (20 minutes)(Figure 2). 
Next, impressions of the dentition including the glued titanium markers were 
taken using plastic impression trays (TP Orthodontics, Inc., La Porte, Indiana, 
USA) and orthodontic alginate (Cavex Orthotrace, Cavex Holland BV, Haarlem, 
The Netherlands)(5 minutes). After hardening, the impressions with the 
embedded titanium markers were taken out of the mouth (Figure 3). The 
impressions were scanned in the CBCT (field of view: 17 cm diameter, 6 cm 
height; scan time 2 x 20s; voxel size 0.2 mm). These data were exported in a 
DICOM format as well and transformed into a reconstruction of the upper and 
lower arch including the gingiva and the titanium markers by segmenting the air 
in the impression (isovalue of - 300) and the titanium markers (isovalue of 
± 3500) (10 minutes)(Figure 4).
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Figure 3. The impressions o f the upper and lower dentition including the glued titanium 
markers were taken using plastic impression trays and orthodontic alginate.
Figure 4. Impressions of upper and lower arch reconstructed from CBCT data (left top 
and bottom) and the reconstructions of the teeth after segmenting the air in the 
impressions (right top and bottom).
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Finally, a 3D photograph of the face was captured with a 3D 
stereophotogrammetrical camera setup and the software program Modular 
System v2.0 (3dMDface™ System, 3dMD Ltd, Atlanta, USA). The camera setup 
consisted of two pods in stereo setting, each equipped with three digital 
cameras and a flash. Prior to its use, the camera was calibrated to define a 3D 
coordinate system for the 3D photograph. The 3D photographs were taken in 
natural head position, while the subject had his eyes open. In order to achieve 
the habitual occlusion, he was asked to swallow and to keep the molars in 
occlusion after swallowing (3 minutes of positioning time and 2 milliseconds of 
scanning time).
Figure 5. The 3D photograph
A .tsb file was generated from these data with 3dMDpatient version 3.1.0.3 
(3dMDpatient™ Software Platform, 3dMD Ltd, Atlanta, USA), which 
represented the textured facial soft tissue surface of the subject 
(1 minute)(Figure 5). The .tsb file was exported as a ‘wavefront object’ file 
(.obj file) to enable import of the 3D object in Maxilim® version 3.2.3 (Medicim 
NV, Mechelen, Belgium).
Image fusion of the data
After reconstruction of the 3D base data set, the digital dental cast and the 
textured facial soft tissue surface, these three data sets were fused. This fusion 
process had two major steps:
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A. Marker based registration of the base data set and dental impressions using 
the titanium markers13, and
B. Surface based registration of the untextured CBCT and textured 3D 
photograph facial soft tissue surface712.
Step A and B were subdivided in ten minor steps, which are described in table 1 
(marker based registration) and 2 (surface based registration) and illustrated in 
figure 6a, 6b and 7.
Step 1 Step 2 Step 4
Figure 6a. Step 1, 2 and 4 o f the marker based registration o f the upper and lower ja w  impressions 
with the facial skeleton.
Table 1. The marker based registration steps (step A) o f the image fusion process to compose a 3D 
virtual head.
Step 1 Import of the reconstructed base data set of the CBCT DICOM files, the .obj file of the 
3D photograph and digital dental data with the titanium markers in one virtual operating 
room (Maxillim®)(Figure 6a)71120 24
Step 2 Matching of the base data set and digital dental impressions on the titanium markers, 
using a Procrustes registration (Figure 6a)34
Step 3 Position check of the impressions with a root mean square values34
Step 4 Replacement of the teeth of the 3D base data set by the teeth of digital dental dataset, 
with deletion of the gingiva from the digital dental cast (Figure 6a)25
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step 5 step 6 step 7 step 8
Figure 6b. Step 5, 6, 7 and 8 o f the surface based registration method o f the textured 3D photograph 
and the untextured surface derived from the CBCT data.
Table 2. The surface based registration steps (step B) o f the image fusion process to compose a 3D 
virtual head.
Step 5 Indication of four corresponding landmarks on the untextured (CB)CT facial soft tissue 
surface and textured facial soft tissue surface (.obj file) to minimise initial translation and 
rotation of both surfaces (Figure 6b, red arrows)” '18
Step 6 Improvement of the accuracy of the registration by excluding regions that were obviously 
different, such as the eye lenses and hairline (Figure 6b)7'11
Step 7 Rigid registration of the textured facial soft tissue surface with the untextured facial soft 
tissue surface using a 3D surface based matching algorithm (Iterated Closest Point 
algorithm)3'7
Step 8 Evaluation of the accuracy of the registration using a root mean square error (Figure 6b)11
Step 9 Transfer of the 3D textured information of the textured facial soft tissue surface to the 
untextured facial soft tissue surface using a projection like non-rigid registration7
Step 10 Presentation of the integral fusion model of the 3D virtual head in one virtual operating 
room (Figure 7)
Discussion
Currently, CBCT scanning is the most suitable and least invasive method for 
capturing the facial skeleton in three dimensions, due to the upright scanning 
position of the subject, less exposure to ionising radiation than a multislice CT 
scanner (MSCT) and the possibility to reconstruct a base data set with 
thresholding, which contains all three structures of the triad8. However, the
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(CB)CT skin is untextured and the (CB)CT dental structures might contain 
streak artefacts caused by (in)direct restorations and/or especially by 
orthodontic fixed appliances8. For that reason, additional 3D information of the 
facial soft tissue surface and the dentition has to be acquired. According to the 
authors the stereophotogrammetrical camera setup is the most patient friendly, 
quickest (less than 2 milliseconds), noninvasive method to capture the facial 
soft tissue surfaces, while scanning of the dental impression with a (CB)CT 
scanner is an accurate method to acquire digital dental models22.
In the nearby future, it is expected that an integral fusion model of the 3D virtual 
head will become the standard for assessment of the rational proportions 
between the three structures of the triad and in virtuo planning and prediction of 
orthognathic surgery in an objective, accurate and realistic way2,22,27. For that 
reason it was a necessity from the authors point of view to develop a new
Figure 7. The 3D virtual head
integral fusion model to compose a 3D virtual head with improved quality of the 
dentition (step A) and the virtual face (step B), without additional burden or 
harm to the patient. The advantages and disadvantages compared to previous 
methods as well as difficulties and technical problems of the method described 
will be discussed per step.
Previously used methods to integrate the digital dental data set into a 3D 
reconstructed facial skeleton include point based registration with a splint with 
fiducial or gutta percha markers5'6'2326'29'30'33, surface based registration15 and 
voxel based registration with an impression based bite registration27. In these
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studies, an acrylic splint23,26, a modified wax bite29,30, a silicone impression33 and 
a double impression tray5,27 and two types of markers were used: gutta percha 
markers localised both in-23,26,29,30 and outside27 the plane of occlusion and 
fudicial markers in the plane of occlusion either intra-33 or extraorally5,6.
The integral fusion model proposed in this publication has four advantages 
compared to these methods. The first advantage is a reduction of the number of 
patient visits. Apart from the silicone impression and the double impression tray, 
all previously used splints had to be fabricated in advance to the CBCT scan (a 
two step procedure requiring two visits), while the titanium markers were glued 
upon the gingiva shortly before the CBCT scan was acquired (a single step 
procedure). The latter method required only one patient visit.
Secondly, the method described causes less facial soft tissue surface distortion 
than other techniques using extra-orally extended splints and especially the 
double impression tray5,6,27,33. This eliminates the need to expose the patient to 
additional ionising radiation27.
Thirdly, the current fusion model was rendered with a scanning procedure 
without refitting of a splint or a dental impression is expected to be more 
accurate compared to (CB)CT scanning procedures with a splint or dental 
impression in the patient’s mouth, since incorrect replacement of the splint or 
dental impression can occur.
Finally, as the gingival markers are positioned outside the level of the occlusal 
plane, the markers do not interfere with the streak artefacts, so limiting the risk 
that the markers cannot be used for registration26,30.
Besides these advantages two disadvantages were observed in the integral 
fusion model. Firstly, in the case presented two markers -  one of the upper arch 
and one of the lower arch - moved or were detached from the gingiva during the 
impression procedure. With four unmoved markers it was still possible to match 
the data correctly. Still, it is advised to attach at least five markers per arch to 
prevent the acquisition of a unusable data set.
Secondly, the dental data sets of the upper and lower arch had to be registered 
separately, which implied an extended registration time of the upper and lower 
arch reconstructions with the facial skeleton reconstruction compared to 
registration methods with the triple tray silicone impression27.
With regard to step B of the image fusion process, the major advantages derive 
from the patient friendly, fast and photorealistic method to capture the textured 
facial soft tissue surface with 3D photography. Indirectly, the use of titanium 
markers (and thus no distortion of the facial soft tissue surface) enables direct 
and accurate surface based matching of the untextured and textured surface of 
the 3D photograph, This shortens the processing time for the clinician.
Technical problems related to fusion between the untextured and textured facial 
soft tissue surface were hardware related, acquisition position related or patient
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1 1 1related1' . Firstly, the underlying physical principles of e.g. (CB)CT and 3D 
photography / stereophotogrammetry imaging methods caused differences in 
surface type. For instance, due to the low radiation dose of the CBCT, the facial 
surface is captured with less precision. This can be overcome with surface 
smoothing in the CBCT12. Hair is not included in (CB)CT data, while it is 
preserved on a 3D photograph1. In order to improve the accuracy of the surface 
based registration, only corresponding areas of the textured and untextured 
facial soft tissue surface were selected for matching the data as described 
previously by our group11. Secondly, on a 3D photograph, shiny surfaces, such 
as the eye lenses and teeth, and undercut areas are captured with poor 
precision. For instance, the lens of the eye was captured as a concave 
structure, while it was convex11.
Furthermore, the scanning position is of major influence upon the facial soft 
tissue shape, because gravity distorts the natural shape of the facial soft tissues 
when a patient is scanned in a horizontal position1,32. As a consequence 
matching MSCT derived data with a 3D photograph would result in matching 
differences, especially in the cheek region1,7,12. Moreover, fixation of the patient 
with, for example, a chin cup or a forehead strap to avoid movements during the 
scan results in deformation of the soft tissue31. Instead of using these features a 
point of support located at the occiput is advised to prevent such deformations. 
Finally, differences in facial expression or occlusion and differences in weight, 
hormonal shifts and orthognathic surgery, which result in variable thickness of 
the soft tissue, would result in matching errors. Therefore, it is advised to 
capture both data sets on the same day, preferably at the same moment in the 
same position and with the same facial expression. Such a system, however, is 
not commercially available yet.
In conclusion, the proposed integral fusion model of the 3D virtual head to 
virtually display a patient’s head in three dimensions is a non time-consuming, 
low radiation dose, patient and user friendly method. Especially the gingival 
markers seem to reduce technical problems of methods previously described to 
augment the facial skeleton. Further research is needed to assess the accuracy 
and reproducibility of this method.
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General Discussion
Introduction
3D imaging research in the field of oral- and maxillofacial (OMF) surgery as well 
as in orthodontics is already ongoing for more than 20 years. At first lateral and 
frontal cephalograms have been projected together like a Cartesian coordinate 
system so creating a 3D mesh of specific cephalometric landmarks16. Later on, 
the first stereophotogrammetric cameras were developed which were used to 
measure facial asymmetry in cleft lip and palate patients46,47. These methods 
can be seen as precursors of the 3D cephalometric analysis57 and 3D 
photography22, examples of currently used 3D measurement and imaging 
techniques. In the past five years several articles have been published reporting 
on a single imaging technique used to assess a single structure of the facial 
triad, that is the facial soft tissue surface, the facial skeleton or the dentition. 
Examples of these 3D imaging techniques are 3D cone-beam CT (CBCT) 
reconstructions, 3D photography and digital dental models. All of these 
techniques have proven to give an accurate digital representation of their part of 
the triad. However, a synergy between these methods is created when they are 
fused together to display all three facial structures at once in a virtual operating 
room (VOR). To date, only a few articles in the field of 3D imaging concentrate 
on image fusion. For that reason, improvement of single 3D imaging 
techniques, and fusion processes of these in particular, has been the number 
one priority within the 3D lab in Nijmegen. As part of the orthognathic research 
line, the main objective of this thesis was to improve the quality of 3D imaging 
and image fusion processes to build up a 3D virtual head.
The 3D virtual head includes all three structures of the triad. Anatomically, the 
facial triad can be referred to as the viscerocranium. Together with the 
neurocranium, which contains the brain, it composes the head. When regarding 
the current most used fusion models, it would be logical to refer to such a model 
as the ‘3D virtual viscerocranium’. However, limiting the fusion model to the 
viscerocranium could suggest that it is technically not possible to virtually 
display the neurocranium. This of course is not the case. Therefore, it was 
decided to refer to the fusion model as ‘3D virtual head’ instead of ‘3D virtual 
viscerocranium’. Likewise, the term ‘in vivo’ is inappropriate to refer to research 
performed in a virtual operating room on a patient’s virtual head. In the 
Nijmegen 3D lab Nijmegen the term ‘in virtuo’ is preferred12.
In order to improve the quality and utilities of 3D imaging and image fusion 
models, such as the 3D virtual head, four clinical studies and a systematic 
review of the current literature were conducted and a technical report to setup of 
a 3D virtual head for orthognathic surgery was written. These cover the first four 
of the six objectives to improve 3D imaging and image fusion (page 4).
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The results of studies conducted to achieve these four objectives will be 
discussed in the ‘address to aims’. In addition, the results are the key for 
continuing research in the field of 3D imaging for orthognathic surgery, 
especially since the last two objectives still have to be accomplished. These and 
other projects will be performed in the 3D lab in the next years and will be 
elucidated in the ‘future aspects’.
Address to aims
Are the reproducibility and accuracy of 3D photobased soft tissue cephalometric 
analysis high enough to use the analysis in a clinical setting?
At the beginning of the Nijmegen 3D project, the sole hardware was a 3D 
stereophotogrammetrical camera setup, which rendered the 3D photographs 
(3dMDfaceTM System, 3dMD Ltd, Atlanta, USA). In order to study the facial soft 
tissue surface changes induced by orthognathic surgery, a 3D cephalometric 
soft tissue analysis for 3D photographs was developed (chapter 2)41. Besides 
studying the accuracy and the reproducibility of these landmarks, two matching 
methods were compared. Twenty individuals were included in the first clinical 
study. Their 3D photographs were acquired to evaluate the reproducibility and 
the accuracy of the 3D cephalometric soft tissue analysis. Especially landmarks 
previously based on hard tissue (facial skeleton) localisation were redefined, to 
enable reproducible and accurate landmark identification on a 3D photograph. 
The study proved that the mean differences of the newly defined landmarks and 
especially of the landmarks in the midline were less than 0.32 mm. In general, a 
mean difference of less than 1 mm is assumed to be clinically irrelevant19. 
Hence, this 3D photograph based cephalometric analysis, which omits the 
necessity to expose the patient to any radiation, can be used in studies when 
CBCT data are not available either for medical ethical reasons (growth) or 
logistic reasons. Based on the results of this study, it was concluded that for 
individual patients, a surface based matching method of pre- and postoperative 
data is preferred, while in cross-sectional studies a reference frame based 
registration is necessary to match all patient data. This has been confirmed in 
an additional survey by our research group29. Secondly, it was concluded, that 
the accuracy and the reproducibility of the newly defined landmarks and 
especially of the landmarks in the midline are high enough to use this analysis 
in a clinical setting.
Does CBCT imaging have added value to orthognathic surgery?
3D photographs visualise the facial soft tissue surface and not the facial 
skeleton. In order to study the changes of the facial skeleton induced by
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orthognathic surgery, a 3D reconstruction based upon a CBCT scan is 
necessary. For this reason the 3D lab was expanded in 2006 with a cone-beam 
CT (i-CAT™ 3D imaging system, Imaging Sciences, International Inc., Hatfield, 
USA). With the newly retrieved data, infinite research opportunities were within 
reach: a clinician could truly evaluate the surgical result, the position of the 
condyles could be assessed and the skeletal movements could be measured. In 
addition, it became possible to visualise the pattern of the lingual split in a 
bilateral sagittal split osteotomy (BSSO) in a 3D virtual study model38. Previous 
studies could only visualise the split pattern on cadaver skulls or acrylic14 
models, which excluded the ability to assess the influence of the split pattern on 
the skeletal changes caused by a BSSO. In a study of 40 consecutive patients 
with a mandibular hypoplasia, who underwent a BSSO advancement, the 
lingual split pattern was evaluated (chapter 3)38. The aim of this study was to 
estimate the value of CBCT imaging in orthognathic surgery and to evaluate the 
lingual split (N = 80 splits). Direct postoperative reconstructions (1 day) of 40 
consecutive patients were in virtuo reviewed in the virtual operating room. For 
the first time, the OMF surgeon could review the exact localisation and length of 
the horizontal and vertical osteotomies. This way 3D imaging was used as a 
teaching instrument for both residents and experienced OMF surgeons. In time 
this may improve the surgical result of orthognathic surgeries. Therefore, it was 
concluded that 3D imaging does have added value in the evaluation of 
orthognathic surgery.
What is the influence of the variations in the lingual fracture line pattern on the 
surgical outcome of orthognathic surgery?
After analysing the 3D reconstructions of the facial skeleton in detail, four 
variations of the lingual split pattern were objectified while the surgical 
procedure itself had not been changed. These unexpected findings resulted in 
the development of a lingual split scale38 and asked for a more detailed 3D 
cephalometric study concerning the consequences of these findings, which 
were evaluated in a prospective clinical study (chapter 4)42. Twenty patients 
with a mandibular hypoplasia who underwent a BSSO were included. Their pre- 
and postoperative 3D reconstructions of the CBCT data were registered with 
voxel based matching. Additionally, the hard tissue changes induced by the 
surgical procedure were in virtuo evaluated and analysed with 3D cephalometric 
hard tissue analysis55,58. It was observed that desired as well as undesired 
movements of the facial skeleton occur due to a BSSO procedure. These 
movements were realistically visualised in the virtual operating room and 
cephalometrically objectified with the 3D hard tissue analysis. In this study 
group the fracture line pattern had a relationship with the outcome of the 
surgical procedure. Especially splits with a larger bony contact area resulted in 
more malpositioning of the proximal segment in the sagittal plane, resulting in a
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larger gonial angle. Flaring of the proximal segments was not related to the split 
pattern. Currently, research is conducted to objectify the causes of the 
undesired movements. Once we have more insight into these causes we might 
be able to avoid them. Until then, it is important to incorporate these movements 
and the related surgical outcome of orthognathic surgery in a future prediction 
model.
Is the accuracy of the fusion model of the facial soft tissue surfaces and facial 
skeleton high enough to implement it in a clinical setting?
In order to combine the possibilities of 3D imaging of the facial soft tissue 
surface and the facial skeleton, an accurate and photorealistic fusion model of 
the patient’s face is a prerequisite5,54. This combination is essential when 
studying the facial skeleton and the facial soft tissue surface changes induced 
by orthognathic surgery. Especially, since the overlying facial soft tissue in 
combination with the eyes, the hair and teeth determine facial appearance. A 
study was conducted to determine the accuracy of three different matching 
procedures (chapter 5)28. 3D reconstructions of the facial skeleton and 
untextured facial soft tissue surface of 15 patients were in virtuo registered with 
the textured 3D photograph of the facial soft tissue surface. The results 
presented in chapter 5 of this thesis revealed that single closest point distance 
registration (non-rigid) was an accurate algorithm to fuse CBCT and 3D 
photograph data. Dissimilarities between both surfaces were mostly due to the 
inability of CBCT to capture the facial soft tissue surface of a patient’s face 
correctly. It is expected, however, that future modifications of the hardware will 
solve these dissimilarities But at present, a 3D fusion model of the 3D 
stereophotograph and the skull reconstructed from CBCT data provides a 
photorealistic digital 3D representation of a patient’s face. This model is 
accurate enough to be used as a diagnostic tool for preoperative planning and 
postoperative evaluation and for communication with patients and colleagues56. 
Within such a model the cephalometric analyses can be combined. That way, it 
is expected that shortcomings of the 3D cephalometric soft tissue analysis for 
3D photographs41, such as the lack of bony references, as well as the 
shortcomings of 3D cephalometric soft tissue analysis for CBCT data55,57,59,58, 
such as the lack of textured surfaces, will be overcome.
Which other (integral) fusion models have been developed and what is their 
burden for the patient?
An important factor in planning orthognathic surgery is the correction of the 
dental occlusion. In order to integrate this factor in the virtual planning of 
orthognathic surgery, the dentition needs to be displayed correctly and without 
artefacts. In the fusion model described in chapter 5, artefacts caused by 
orthodontic appliances and/or (in)direct restorations reduce the quality of the
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original dentition. This limits its use for virtual planning and prediction of 
orthognathic surgery. When the original dentition is replaced by a digital dental 
model without artefacts, an accurate assessment of the occlusion can be made, 
which can be used for the virtual planning. Preferably, the virtual planning 
should be performed using one holistic digital data set, as the result of an image 
fusion process, including the facial soft tissue surface, the facial skeleton and 
the dentition, in other words: the 3D virtual head. Several image fusion models 
have already been presented, however, their quality has not been compared 
yet. The systematic review in which the different fusion models and the burden 
to the patient of these fusion models were compared (chapter 6)37, showed that 
currently at least two different imaging techniques are necessary for a 
photorealistic and accurate integral fusion model. Furthermore, the data for an 
integral fusion model should be gathered in an upright position to include the 
influence of gravity on the facial soft tissues. Additionally, the facial soft tissue 
surface must also contain a coloured textured surface, which implies that MRI 
imaging is not sufficient. Finally, dental artefacts need to be elucidated. These 
statements imply that for the ideal integral fusion model
1. the base should consist of CBCT data49,50,
2. photography (2D or 3D ) and (to a lesser extent) 3D laser scanning are 
suitable for facial soft tissue surface imaging, and
3. digital dental casts, derived from laser- or CT-scanned alginate 
impressions or dental cast models, or from direct digital intraoral scans 
have to be incorporated.
The only integral fusion model found in the systematic search that fulfilled these 
demands was the fusion model created according to the triple scan protocol by 
Swennen53. In this protocol, however, the patient is exposed to an additional 
dose of ionising radiation.
Is it feasible to develop a less harmful, but still accurate integral fusion model to 
compose a 3D virtual head for adult patients?
The above mentioned findings have stimulated the development of a new 
integral fusion model, since the co-workers of the 3D lab believed that it could 
indeed be possible to capture data of the facial soft tissue surfaces, the facial 
skeleton and the dentition easier, faster and without harming the patient with an 
additional dose of ionising radiation. For this reason, a new method has been 
developed and patented51 in the 3D lab to compose a 3D virtual head. This 
integral fusion model was developed with the use of titanium markers. With 
marker based registration the digital dental model was added to the fusion 
model of the facial soft tissue surface and facial skeleton45. This way an 
unharmful, photorealistic and accurate integral fusion model of the triad was
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composed, that can be viewed in one single virtual operating room39. The 
technical aspects of the compilation of this integral fusion model are described 
in chapter 7. It proved to be a time, patient and user friendly method. 
Furthermore, the patient was not exposed to relatively high radiation doses. The 
reproducibility and validity of this integral fusion model needs to be investigated 
further and its possibilities and limitations will be compared to the integral fusion 
model acquired with the triple scan procedure53 before it is implemented into a 
clinical setting.
Future aspects
The results of 3D imaging and image fusion are promising in the field of 
orthognathic surgery, which is confirmed by the findings of this thesis. Still, 
improvements can and have to be made to bring the outcome of orthognathic 
surgery and oral and maxillofacial surgery in general closer to perfection. In the 
next years, the other objectives concerning orthognathic procedures (page 4) 
are to be accomplished in the Nijmegen 3D lab. Firstly, how can the 
preoperative documentation be improved and simplified, and secondly, how can 
the transfer of the virtual planning into the operating theatre be accomplished? 
Therefore, research in the 3D lab will concentrate on improvement and 
simplification of the preoperative 3D documentation and analyses, the transfer 
of the virtual planning into the operating theatre, the long term surgical outcome, 
and perfection of the prediction model. The implementation of these research 
objectives will be discussed.
How can the preoperative documentation be improved and simplified?
A further reduction of dissimilarities between the different data sets such as 
rough surfaces, differences in facial expression and acquisition artefacts along 
the eyes, nose and mouth is needed to improve the quality of the 3D 
documentation17,28. That way, the use of non-rigid registration might become 
superfluous as well9. Furthermore, a simplification of the acquisition of the data 
and further automation of image fusion processes is mandatory to guarantee its 
use by every OMF surgeon. Currently, the computing time of the preparations of 
a 3D virtual head is 30 minutes. This time can be reduced by automated 
algorithms for reconstruction of the cone-beam CT data, automated 
augmentation of the CBCT reconstruction with a 3D photograph and digital 
dental model with a minimal method error as well as automated voxel based 
registration methods to allow pre- and postoperative comparisons. New ‘all in 
one’ imaging techniques are already available to acquire the facial soft tissue 
surface and facial skeleton data simultaneously (Planmeca ProMax 3D, 
Planmeca Oy, Helsinki Finland). This may be the key to automated registration
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methods, but specific improvements have to be accomplished, such as 
reduction of the number of rotations (reduction of the ionising radiation dose) 
and integration of 3D stereophotogrammetry instead of laser scanning of the 
facial soft tissue surface (reduction of scanning time and movement artefacts).
How can the transfer of the virtual planning into the operating theatre be 
accomplished?
Another field of interest is the transfer of the virtual planning into the operating 
theatre. Currently, the dentally supported intermediate and final wafer (or CAD- 
CAM splints) are printed directly from the virtual planning, performed in the 
virtual operating room for patients undergoing a bimaxillary orthognathic 
procedure54. The first comparisons of the 3D preoperative planning and 
postoperative results of surgeries performed using these CAD-CAM 
(intermediate) splints, showed that it seemed difficult to position the maxilla 
exactly according to the virtual planning in relation to the skull base43. This has 
been shown by other research groups as well52. In order to improve the 
positioning of the maxillary segment in a bimaxillary procedure, ongoing 
research is focusing on the possibilities of peri-operative navigation, printable 
custom made titanium osteosynthetic plates, and skeletally supported splints for 
bimaxillary orthognathic procedures. The latter have been introduced by 
Mischkowsky, who developed a method with three separate bone supported 
wafers33. The research group of the Nijmegen 3D lab developed an improved 
wafer, that contains both the original and planned position of the skeletal 
segments. An experiment within the 3D lab to test the accuracy of the transfer 
of an in virtuo planned surgery to an orthognathic surgery performed upon a 
stereolithographic (STL) model using a nylon bone supported wafer 
(DuraForm®-PA-plastic, 3D systems, Hempstead, Great Britain) was 
encouraging: the maximal dissimilarity between the virtual planning and surgical 
outcome was less than 0.5 mm (unpublished data). The most practical and 
accurate design of these wafers will first be fine-tuned with in virtuo planned 
surgeries performed on STL models before implementation in a clinical setting 
is realised. For these projects expansion of the 3D lab with a rapid prototype 
printer would be preferable2.
Likewise, the application of peri-operative navigation, peri-operative projection 
of the treatment planning upon the patient and custom made titanium 
osteosynthetic plates will be evaluated in the next years. Eventually, the virtual 
planning will literally be ‘copy-pasted’ to the actual operating theatre using the 
above mentioned methods. This way, it can be expected that plaster cast model 
surgery will become superfluous, that the OR time will be reduced and that the 
reproducibility of the surgical result will improve. In addition, tracking of the 
instruments can probably be used for analysing the surgical skills and for
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developing a surgical skills lab. The latter is especially important for trainees, 
since many are not confident using power tools with their non-dominant hand 
and operate mostly on the predominate operating site1.
How can long term facial hard and soft tissue changes be gathered accurately?
The results of this thesis and other research projects5,7,8,10,11,15,23,24,48,54,61,62 show 
that 3D imaging and image fusion of pre- and postoperative reconstructed 
CBCT scans are useful tools to objectively perform research on surgical 
outcome of orthognathic surgery6. Integral fusion models, such as the 3D virtual 
head, already result in more accurate knowledge of the short term hard tissue 
changes induced by orthognathic surgery. Mid- and long term (6 months to 2 
years) follow up using these 3D fusion models will provide missing data needed 
for 3D normative and reference databases on facial skeleton and facial soft 
tissue surface changes induced by orthognathic surgery. Some of these 
measured changes are less than 1.0 mm. Although errors of less than 1 mm are 
valued as clinically irrelevant19, the use of the third dimension may actually 
cause an accumulation of registration and measurement errors. This may result 
in a potential enlargement instead of a reduction of inaccuracy. Hence, it is 
recommended to keep errors in 3D imaging and 3D measurements as little as 
reasonably possible (ALARP). Preferably, only image fusion processes and 3D 
distance, rational36 and volumetric measurements60 with registration32 errors and 
mean differences19, respectively, of less than 0.5 mm are used. That way long 
term facial skeleton and facial soft tissue surface changes caused by 
orthognathic surgery can be gathered accurately.
How can the virtual planning be improved?
The currently applied virtual planning method in our department includes a 3D 
hard and soft tissue cephalometric analysis according to Arnett3,4. With this 
method the desired soft tissue profile is used to determine the needed skeletal 
movements. The virtual prediction of these movements is still based on 
biomechanical models34. Parameters, such as condylar changes, exact 
movements and ‘collisions’ of the skeletal segments, and resilience of the facial 
soft tissue are currently not included and may for instance limit the maximal 
possible maxillary advancement. These parameters may result in a large 
dissimilarity between the virtual planning and surgical outcome, because the 
model is not based on actual changes of the facial skeleton and facial soft 
tissue surface changes induced by orthognathic surgery. This can be overcome 
by incorporating the gathered long term changes induced by orthognathic 
surgery, to fine-tune and individualise the prediction models. Since data of the 
first patients that were operated based upon a 3D virtual planning have only 
become available in 2009, these parameters have not yet been incorporated in 
virtual predictions. For that reason, the current research protocol (2005/181) will
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be prolonged to gather a large amount of 3D data of example patients, including 
the pre- and postoperative data of 3D cephalometric hard and soft tissue 
analyses of different orthognathic profiles and dysgnathic deformities, stratified 
to gender, age and racial characteristics for normative value and reference 
value databases58. Enlargement of airway volume in case of obstructive sleep 
apnea syndrome (OSAS) can be assessed as well13.
In order to setup a prediction model, 3D facial data sets of healthy control 
individuals need to be gathered too. However, collecting facial data from the 
average healthy population implies that these individuals are unnecessarily 
exposed to radiation, which is ethically unwanted. Therefore, patients referred 
to the department of oral and maxillofacial surgery in need for adjacent 
radiographic examination for pathology, that does not affect the facial features, 
such as dentoalveolar and sinus pathology, will be included as control 
individuals.
Firstly, the assessment of clinical data from control individuals and patients will 
provide information of normative values of the structures of the triad and 3D 
reference values for facial skeleton movement, adaptation of the facial soft 
tissue surface after surgery and information about the occlusion of the teeth. 
Secondly, evaluation of the 3D condylar changes may provide an understanding 
of progressive condylar resorption (PCR)8, since 3D long term follow up was 
previously not allowed, but the latter is absolutely necessary in order to assess 
the morphologic changes of both the condyle and the glenoid fossa. Based on 
these databases, landmark identification of the 3D cephalometric analysis will 
be automated so reducing the intra- and interobserver errors of these points.
Furthermore Computer Aided Diagnosis (CAD) will distil hints for diagnosis, 
treatment planning and surgery planning from the overwhelming amount of 
data. Most importantly, a principle component analysis (PCA) model has to be 
designed to reconstruct a "mean face” from the normative database. A PCA 
model describes the variation in patient groups as well as the operative 
changes itself, which is important as a reference for reconstruction of a possible 
deformity. When a patient’s preoperative 3D virtual head is fitted to the PCA 
model, the computer model will enable the prediction of the postoperative result, 
especially of the soft tissue alterations, for any individual patient. With these 
data it is expected that the accuracy of the virtual planning will improve as well 
as the surgical outcome itself18,19,20,21,25,31,35,40,41,58.
In order to realise such a 3D platform based on the 3D virtual head, 
continuation of the close cooperation between orthodontists, OMF surgeons 
and engineers is necessary to fulfil the needs of clinicians as well as patients. A 
worldwide cooperation between medical hospitals will become essential more
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and more, in order to gather sufficient data concerning long term evaluation of 
facial skeleton and facial soft tissue surface changes induced by orthognathic 
surgery. That way, it will be feasible to set up volumetric normative and 
reference databases within a few years (3D digital database (www.3D-DD.com). 
Such a databank will not only contain 3D photographs of children27, but 
complete 3D datasets of adults as well.
It is expected, but further research and especially cost-effectiveness studies 
may prove, that in time the simulation of orthognathic surgery may be cheaper 
and faster and may improve the quality of craniomaxillofacial health care26,30,44,56. 
Preoperative prediction models will be so accurate, that surgeons will agree 
with showing them to their patients, which may enhance patient satisfaction. In 
that case, it might in time even be possible to virtually plan orthognathic 
procedures without the volumetric CBCT or MRI base and prepare the 
orthognathic surgery with only a digital dental cast and a 3D or 4D photograph.
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In 2005 the Nijmegen 3D lab was set up as a close cooperation between the 
department of Oral and Maxillofacial Surgery and the Department of 
Orthodontics and Craniofacial Biology. Within this lab three keystones have 
been gathered together: a close cooperation between technicians and medical 
researchers, the use of high-tech hardware and up-to-date software, and the 
availability of a considerable patient population to enable the build-up of a large 
database. This way, its main objective could be achieved: enhancement of the 
accuracy of 3D imaging and especially image fusion of the three main 
structures of the head. These structures, the facial soft tissue surface, the facial 
skeleton and the dentition, are also known as the (facial) triad. This triad plays a 
decisive role as it determines a patient’s facial appearance. Patients with a jaw 
deformity, also known as a dysgnathic deformity, such as hypoplasia or 
hyperplasia of the maxilla and/or mandible, sometimes benefit from 
orthognathic surgery. An example of orthognathic surgery is a bilateral sagittal 
split osteotomy (BSSO). During such a surgical procedure the lower jaw is split 
in three segments, which are fixated in the correct intermaxillary position and 
the correct position in relation to the other structures of the triad to enhance 
functional and esthetical disabilities. As these surgical procedures induce 
changes of the facial features, it is important to plan such a procedure 
meticulously. Previously, orthognathic plannings were based on conventional X- 
ray’s, plain photographs and dental plaster casts. With the introduction of 3D 
imaging in facial surgery, it is now possible to perform these plannings with 3D 
photographs representing the facial soft tissues; cone-beam CT derived 3D 
reconstructions of the facial skeleton; and digital dental models representing the 
dentition. These can be virtually composed as a 3D virtual head.
Three different research lines have been setup in the Nijmegen 3D lab 
concentrating on implantology, facial surgery / orthodontics and reconstructive 
surgery. As part of the second research line, the aim of this thesis was 
‘improvement of the quality of 3D imaging and image fusion processes and 
building up a 3D virtual head for orthognathic surgery’. For this thesis four 
prospective clinical studies and a systematic review of current literature were 
performed and a technical report to setup of a 3D virtual head for orthognathic 
surgery was written.
The first study (chapter 2) concentrated on the facial soft tissue surfaces, 
captured with a 3D stereophotogrammetrical camera setup, which was the first 
hardware available within the 3D lab. The purpose of the study was to 
determine the reproducibility and the reliability of a 3D soft tissue cephalometric 
analysis. The evaluation was performed in a 3D environment (a virtual operating
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room) and proved to be reliable. Furthermore, it was concluded that for 
individual patients, a surface based matching method of pre- and postoperative 
data is preferred.
The next study (chapter 3) concentrated on the facial skeleton to determine the 
added value of 3D imaging for orthognathic surgery, such as a BSSO. Within 
one week after surgical advancement of the mandible, the patients were 
scanned with a cone-beam CT scanner. The DICOM files were reconstructed 
into a 3D object, representing the facial skeleton. These were reviewed in the 
3D virtual operating room. The 3D reconstruction clearly displayed the 
displacement of the three segments the split pattern between these segments. 
Surprisingly, four variations of the lingual split pattern were found, while the 
surgical procedure of the BSSO itself did not change. So, 3D imaging for 
orthognathic surgery added a new dimension to the discussion of BSSO 
techniques.
The aim of the third study (chapter 4) was to assess the positional changes of 
the different segments of the mandible due to a BSSO and to determine the 
influence of the different split patterns upon these changes. The latter were 
analysed with a modified 3D cephalometric hard tissue analysis using voxel 
based matched pre- and postoperative 3D objects. Both desired movements, 
such as advancement of the distal segment and unwanted movements, such as 
outward movement of the proximal segment occurred. Only split patterns with a 
larger bony contact area resulted in more malpositioning of the proximal 
segment.
Since analysis of all three structures of the triad is best performed in one 
‘holistic data set’, a shift was established from the use of individual 3D imaging 
techniques to methods which fuse at least two different structures of the triad 
into one fusion model. The fourth clinical study (chapter 5) concentrated on 
image fusion of the facial soft tissue surface and the facial skeleton. In order to 
assess the accuracy of the surface based matching procedure, 3D photographs 
and 3D reconstructions of 15 patients were fused. The accuracy of this fusion 
model was verified by two observers. It proved to be reliable to so create a 
photorealistic and accurate 3D virtual representation of a patient’s face, which 
could be used in daily clinical practice.
Documentation, analysis and treatment planning of dysgnathic patients 
improved with the above mentioned fusion model. Still, for correct planning of 
orthognathic surgery, the third structure of the triad, the dentition (including the 
occlusion), needed to be incorporated in the 3D data set as well. A systematic 
review of the literature proved, that there were multiple methods to create a 3D
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virtual head with an integral fusion model (chapter 6). Nevertheless, the final 
conclusion of the review underlined that an integral fusion model should consist 
of CBCT data augmented with a textured facial soft tissue surface and a digital 
dental cast to elucidate dental artefacts. Moreover, none of the available 
integral fusion models delivered a 3D virtual head without additional burden to 
the patients. Therefore, a new integral fusion model, including all three 
structures of the triad, was developed to create a 3D virtual head (chapter 7). 
The method described in the technical report proved to be a non time­
consuming, patient and user friendly method. Finally, the results of the studies 
conducted are discussed in chapter 8.
In summary, with these clinical studies, the review and the technical report, an 
improvement of the quality of 3D imaging and image fusion processes for 
orthognathic surgery could be accomplished.
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In 2005 is in Nijmegen het 3D lab opgericht door de afdeling Mond-, Kaak- en 
Aangezichtschirurgie en de afdeling Orthodontie en Craniofaciale Biologie. Door 
drie peilers samen te brengen in dit lab, te weten een nauwe samenwerking 
tussen technici en medici, het gebruik van hightech apparatuur en software 
evenals de potentiële toegang tot een aanzienlijke patiëntenpopulatie, is de 
mogelijkheid gecreëerd om een grote 3D database op te stellen. Een dergelijke 
database is een voorwaarde om de belangrijkste doelstelling van het 3D lab te 
realiseren: ‘verbetering van de nauwkeurigheid van 3D beeldvorming en in het 
bijzonder van ‘image fusion’ processen van de drie belangrijkste structuren van 
het hoofd’. Deze structuren, te weten de huid van het gezicht, de schedel en het 
gebit, noemen we de triade van het aangezicht, welke het uiterlijk van een 
individu bepaalt. Patiënten met een kaakafwijking oftewel een dysgnathie, zoals 
een te kleine of een te grote boven- of onderkaak, kunnen profiteren van 
orthognathische chirurgie. Bij een dergelijke operatie worden de kaken weer op 
de juiste manier ten opzichte van elkaar en de overige structuren van de triade 
gepositioneerd, zodat functie en esthetiek hersteld kunnen worden. Er kan 
bijvoorbeeld een bilaterale sagittale splijtingsosteotomie (BSSO) uitgevoerd 
worden, waarbij de onderkaak in drie segmenten wordt gesplitst. Zo’n ingreep 
brengt uiterlijke veranderingen met zich mee; onder andere om die reden moet 
de operatie zeer minutieus gepland worden. Voorheen werd dit gedaan aan de 
hand van conventionele schedelopnamen, lichtfoto’s en gipsmodellen. Met de 
komst van 3D beeldvorming is het ook mogelijk om de planning te baseren op 
3D modellen van de patiënt: een 3D foto van de huid, gemaakt met een 3D 
stereofotogrammetrische camera opstelling, een reconstructie van een cone- 
beam CT scan (scan met een kegelvormige röntgenstraal) voor de schedel en 
digitale modellen van het gebit. Door deze 3D digitale modellen te fusioneren, 
kan een virtueel 3D hoofd samengesteld worden.
De afgelopen vijf jaar zijn in het 3D lab Nijmegen drie onderzoekslijnen opgezet 
die zich richten op implantologie, aangezichtschirurgie (inclusief orthodontie) en 
reconstructieve chirurgie. Op de lange termijn beogen de medici en technici van 
dit lab aan de hand van 3D beeldvorming en image fusion onder andere de 
voorspelbaarheid van operaties in het aangezicht te vergroten. Gaandeweg 
werd het steeds duidelijker dat eerst een aantal ‘3D’ problemen opgelost 
moesten worden, alvorens gedegen predictiemodellen ontwikkeld zouden 
kunnen worden. Deze gedachtegang is uitgebreid beschreven in hoofdstuk 1 
van dit proefschrift. Daarnaast wordt in dit hoofdstuk het algemene doel van dit 
proefschrift - de verbetering van de kwaliteit van 3D beeldvorming en image 
fusion en het ontwikkelen van een virtueel 3D hoofd voor orthognathische 
chirurgie - en de doelstellingen van de vier prospectieve studies, de
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systematische literatuurstudie en het technisch rapport over het samenstellen 
van een virtueel 3D hoofd beschreven.
In hoofdstuk 2 wordt een studie gepresenteerd waarin de reproduceerbaarheid 
en de betrouwbaarheid van de 3D cephalometrische weke delen analyse wordt 
onderzocht. Bij deze analyse worden 3D metingen gedaan op de 
stereophotogrammetrische foto van de huid van de patiënt. Voor dit onderzoek 
is de huid van het gezicht van 20 proefpersonen digitaal vastgelegd met een 3D 
camera. De evaluatie werd in een 3D virtuele omgeving uitgevoerd. De 
methode om de 3D foto’s ‘surface based’ te registreren, bleek betrouwbaar voor 
pre- en postoperatieve vergelijkingen. Hiermee is de mogelijkheid gecreëerd om 
zonder aanvullende röntgenonderzoeken de werkelijke veranderingen van de 
weke delen, die bijvoorbeeld ontstaan door een kaakoperatie, in kaart te 
brengen.
In hoofdstuk 3 wordt de aandacht gericht op de tweede structuur van de 
faciale triade, te weten ‘de schedel’. Aan de hand van cone-beam CT 
gebaseerde reconstructies is in eerste instantie onderzocht of radiologische 3D 
beeldvorming een meerwaarde heeft voor de behandeling van patiënten met 
een dysgnathie. Binnen één week na de operatie van de onderkaak, namelijk 
een bilaterale sagittale splijtingsosteotomie (BSSO) is er een cone-beam CT 
scan van de patiënt gemaakt. De scan is vervolgens omgezet in een 3D model 
van de schedel en beoordeeld in een virtuele 3D omgeving. Op de reconstructie 
van de scan is zowel de verplaatsing van de verschillende botsegmenten te 
zien, als het splijtingspatroon van de uitgevoerde operatie. Dit was een nieuwe 
maar tevens ook verrassende bijdrage aan de medische literatuur. Daarmee 
werd het objectiveren van het splijtingspatroon het tweede doel van deze 
studie. Opmerkelijk is het feit, dat hoewel de operatietechniek niet veranderde, 
het splijtingspatroon vier variaties laat zien. Met deze nieuwe inzichten blijkt 3D 
beeldvorming een extra dimensie toe te voegen aan de discussie omtrent 
onderkaaksplijtingstechnieken.
Voortbouwend op de resultaten van de tweede studie worden in hoofdstuk 4 
de positionele veranderingen van de drie segmenten van de onderkaak, die bij 
een BSSO ontstaan, geobjectiveerd. Dit is noodzakelijk om de invloed van de 
vier verschillende splijtingspatronen op deze veranderingen te analyseren. 
Eerst zijn de pre- en postoperatieve cone-beam CT scans ‘voxel-based’ 
geregistreerd. Vervolgens is gebruik gemaakt van een gemodificeerde 3D 
cephalometrische benige delen analyse, oftewel een methode om 3D metingen 
op de schedel te verrichten. Uit dit onderzoek blijkt, dat er door een BSSO 
zowel gewenste als ongewenste verplaatsingen optreden, zoals respectievelijk 
de voorwaartse verplaatsing van het voorste (distale) segment als de zijwaartse
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verplaatsingen van de zijdelingse (proximale) segmenten. Alleen 
splijtingspatronen met een groot initieel botcontact blijken een relatie te hebben 
met de positionele veranderingen. Met dit onderzoek zijn zowel de gewenste als 
de ongewenste benige verplaatsingen ten gevolge van een BSSO op een 
driedimensionale manier in kaart gebracht.
Beschikkend over een 3D stereophotogrammetrische camera, een cone-beam 
CT scanner als ook software om 3D modellen van de huid, de schedel en de 
dentitie apart in een virtuele 3D omgeving te bekijken, dringt de stap naar het 
gebruik van fusiemodellen van bovengenoemde technologieën zich op. Dit is 
vooral interessant omdat de drie structuren van de faciale triade het meest tot 
hun recht kunnen komen in één holistische dataset. Per definitie omvat een 
dergelijk fusiemodel ten minste twee verschillende beeldvormingstechnieken. 
Tot op heden was nog niet onderzocht of de data van de verschillende 3D 
modellen wel exact op de juiste plaats komen, nadat ze zijn samengevoegd. 
Hoofdstuk 5 beschrijft de nauwkeurigheid van een fusiemodel om de huid en 
de schedel samen weer te geven. Van 15 patiënten is de huid van de 3D foto 
gefusioneerd met het huidoppervlak van de cone-beam CT scan. De 
betrouwbaarheid van drie fusiemethoden is getoetst door twee onderzoekers. 
Eén van de fusiemethoden blijkt betrouwbaar en reproduceerbaar te zijn. Op 
deze manier is een fotorealistische 3D virtuele presentatie van een patiënt 
gecreëerd, die in de dagelijkse praktijk van de MKA-chirurg c.q. orthodontist 
gebruikt kan worden voor planning van orthognathische of orthodontische 
behandelingen.
Met bovengenoemd model werd de documentatie en analyse van 
orthognathische chirurgie verbeterd, maar voor een exacte behandelplanning 
van de operatie moet de derde structuur van de triade (dentitie en dus occlusie) 
ook ingebouwd worden in het virtuele 3D model. Uit een systematische 
literatuurstudie betreffende fusiemodellen voor orthognathische chirurgie blijkt, 
dat er meerdere methoden zijn om een integraal fusie model samen te stellen 
(hoofdstuk  6). Bij voorkeur is zo’n model opgebouwd uit een reconstructie van 
een cone-beam CT, aangevuld met de textuur van de huid (3D foto) en digitale 
dentitie om dentale artefacten te elimineren. Echter, geen enkel beschreven 
integraal fusie model kan worden samengesteld zonder aanvullende belasting 
(röntgenstraling) van de patiënten.
Om die reden is een nieuwe methode om een integraal fusie model samen te 
stellen ontwikkeld. Dit virtuele 3D hoofd, bevat de drie structuren van de faciale 
triade zonder dat de patiënt blootgesteld wordt aan onnodige röntgenstraling 
(hoofdstuk 7). Dit blijkt een patiëntvriendelijke methode te zijn, die tevens 
tijdbesparend en gebruiksvriendelijk is.
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Tot slot worden in de nabeschouwing (hoofdstuk S) de resultaten van de 
uitgevoerde onderzoeken en het toekomstig belang hiervan voor 
orthognathische chirurgie besproken.
Concluderend kan gesteld worden dat de gepresenteerde studies een bijdrage 
vormen op weg naar verdere verbetering van de kwaliteit van SD beeldvorming 
en SD fusie processen, in het bijzonder voor het plannen en evalueren van 
orthognathische chirurgie.
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2D Two-dimensional
3D Three-dimensional
3D FIRG 3D facial imaging research group
AP Anteroposterior
ALARA As low as reasonable achievable
ALARP As low as reasonable possible
CAD CAM Computer aided diagnosis
CAM Computer aided manufacturing
CBCT Cone-beam computer tomography
CLP Cleft lip and palate
CF Craniofacial
CMF Craniomaxillofacial
DICOM Digital imaging and communications in medicine
DOG Distraction osteogenesis
DT Dentition
FOV Field of view
FS Facial skeleton
FSTS Facial soft tissue surface
ICP Iterated closest point
ICT Information and communication technology
IT Information technology
Lat Lateral
ME Measurement error
MF Maxillofacial
MKA Mond-, Kaak- en Aangezichtschirurgie
MRI Magnetic resonance imaging
MSCT Multislice computer tomography
OMF Oral and Maxillofacial
OPT Orthopantomogram
OSAS Obstructive sleep apnea syndrome
PCA Principal component analysis
PCR Progressive condylar resorption
ROI Region of interest
RUNMC Radboud University Nijmegen Medical Centre
SD Standard deviation
SMAS Superficial musculoaponeurotic system
STL Stereolithographic skull model
VOR Virtual operating room
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Dankwoord
Beste Professor Bergé,
Dat ik vandaag mijn thesis mocht verdedigen, heb ik aan u te danken. Dankzij uw inspanningen 
heeft u mijn voorkeur om gelijktijdig met Maarten te kunnen promoveren, verwezenlijkt. Zo 
samen opwerken naar de verdediging, geeft een basis om te kunnen genieten van deze 
periode. Dit is slechts één van de vele voorbeelden, dat toont dat u uw hart op de juiste plaats 
heeft zitten. Maar dat wist ik eigenlijk al vanaf het prille begin van het 3D lab. Ik weet, kansen 
kunnen je creëren, maar soms moet iemand je ook een kans geven. U heeft mij destijds een 
fantastische kans gegeven: het opzetten van het 3D lab Nijmegen! Die kans heb ik met beide 
handen aangegrepen. Wat een uitdaging! Ondanks, dat ik binnen een maand na mijn 
sollicitatiegesprek voor de TOVA in de trein naar Hannover zat voor een cursus 3D 
cephalometrie, had ik nooit durven dromen, dat het 3D project zo groot zou worden. Ook dat is 
grotendeels uw verdienste, omdat u de juiste enthousiaste mensen bij elkaar heeft gebracht en 
hen zeer veel vrijheid gaf. Hierdoor kon en kan nog steeds vrijwel elk idee worden uitgewerkt 
Chapeau! Ik vond en vind het nog steeds heerlijk om mijn wetenschappelijke stukken met u te 
bespreken, omdat u de onderzoeker de kans geeft om op een gelijk niveau met u te 
discussiëren. Deze discussies hebben menig manuscript naar een hoger niveau getild. Tot slot 
hebben we de afgelopen jaren regelmatig inhoudelijk zeer fijne gesprekken gehad. Hiermee 
heeft u een behoorlijke steen bijgedragen aan mijn ontwikkeling. Ik kijk daarom uit naar de 
komende jaren waarin ik nog veel van u hoop te leren.
Beste professor Kuijpers-Jagtman,
Mijn dank is groot voor uw wetenschappelijke bijdrages aan mijn thesis. Minutieus heeft u de 
meeste vragen of opmerkingen van editors al voor het submitten weggevangen. Daarnaast 
heeft u altijd gehamerd op de juiste methodologie, waardoor ik soms bijna opnieuw kon 
beginnen met een onderzoek. Initieel zeer vervelend, maar van groot belang voor de kwaliteit 
van het onderzoek! Hartelijk dank.
Dr. Borstlap, beste Wilfred,
Op mijn allereerste dag in Nijmegen heb ik meegelopen op jouw spreekuur. Wat schetste mijn 
verbazing: de Mond-, Kaak- en Aangezichtschirurg opereert ook schedelafwijkingen bij 
kinderen. Toen wist ik het zeker: ik wilde mij in Nijmegen specialiseren tot kaakchirurg. Ik heb 
de afgelopen jaren met veel plezier jouw speciële casuïstiek gepresenteerd op congressen. 
Jouw blik tijdens de discussie die ik voerde met Dr Arnaud over helmtherapie bij 
craniosynostosis in Bilbao staat nog altijd op mijn netvlies geprint. Ik hoopte met heel mijn hart 
dat je je zou mengen in de discussie, maar jouw vaderlijke intuïtie hield je tegen. Door jouw 
affiniteit met orthognathische chirurgie heb je ook aan mijn thesis een wetenschappelijk steentje 
bijgedragen. Ik ben dan ook bijzonder vereerd, dat je vandaag als copromoter wilt optreden!
Professor Swennen en ingenieur Schutyser, beste Gwen en Filip,
Als grondleggers van de 3D cephalometrie was het een waar genoegen om met jullie te kunnen 
samenwerken binnen de 3D FIRG en met name ook voor mijn promotietraject. Ik hoop dat we 
die samenwerking nog lang kunnen voortzetten.
Ingenieur Maal, lieve Tho,
Wat ben jij gegroeid de afgelopen jaren! Fantastisch! Je kwam binnen als een zeer gedreven, 
maar net afgestudeerd groentje. Nu ben je een volwassen man en run je het Nijmeegs 3D lab 
met verve. We hebben altijd goed kunnen sparren over de voortgang van onderzoek: mijn 
ultieme voorbeeld van het belang van samenwerking tussen ingenieurs en dokters. Een ding is 
niet veranderd: vanaf dag 1 heb je klaar gestaan om je collega’s en andere onderzoekers te 
helpen. En dat doe je nog steeds. Ontzettend veel dank dat ik je met alle vragen heb mogen 
lastig vallen en voor je bijdrage aan de grafische weergave van verschillende hoofdstukken. Ik 
voel me zeer vereerd dat ik binnenkort jouw copromotor mag zijn!
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Beste Stafleden,
Als geneeskundige -  oftewel met nul verstand van occlusie, articulatie en dentitie - beginnen 
met een puur kaakchirurgisch onderzoek was op zijn zachtst gezegd een uitdaging. Ik heb mij 
altijd zeer welkom gevoeld in deze kliniek. Daardoor heb ik mij nooit bezwaard gevoeld om 
vragen te mogen stellen. Zo halverwege mijn specialisatie ben ik nu in de gelegenheid om mijn 
initieel puur theoretische kennis over kaakoperaties uitbreiden met praktische vaardigen. 
Bedankt Martien, voor je geduld en leermomenten op de OK! Dit is vooral voor hoofdstuk 4 een 
meerwaarde geweest. Tegelijkertijd is het fantastisch om te zien hoe jullie gaandeweg, meer en 
meer geïnteresseerd raken in 3D beeldvorming en planning. Ik heb vanaf het begin af aan 
geroepen dat het niet makkelijk is om een orthognathisch georiënteerd kaakchirurg zijn speeltje 
-  gipsmodellen -  af te pakken. Inmiddels lijkt het er toch op, dat dat zonder al te veel gejammer 
gaat lukken. Ik hoop de resterende tijd van mijn specialisatie nog veel van jullie te kunnen leren.
Geachte leden van de maatschap MKA Arnhem,
Mijn dank is groot, dat jullie mij de afgelopen 2 maanden de ruimte hebben gegeven om mijn 
thesis af te ronden. Ik merk dat het onderwijs en het opleiden van de AIOS een belangrijke plek 
inneemt binnen jullie kliniek, waarvoor mijn dank.
Beste Ewald,
Zonder jouw input aangaande de statistiek zou ik de grote hoeveelheid data nooit hebben 
kunnen overzien en verwerken... Mijn dank is groot!
(Oud) collega’s AIOS MKA Nijmegen,
Veel veel dank voor het geven van input voor het onderzoek: Manon zonder jou keken we nu 
wellicht nog steeds niet naar de splits op de CBCT!
Veel dank voor het wegvangen van de lijken in de kast, het overnemen van de poli/pok/ok als ik 
weer eens aan mijn boekje moest/wilde werken; een ‘dubbele’ baan is soms moeilijk te 
combineren! ‘Opgelijd’ worden doe je met elkaar: om dat te realiseren is er maar een vereiste: 
een hecht band, die wordt versterkt door regelmatig teambuildingsessies en avondjes in ‘het 
Dappenglaasje’ en Anneke. Ik heb de afgelopen periode gemerkt dat wij zo’n band hebben: ook 
al weet je soms niet van elkaar of je nog broers en zussen hebt, je vangt elkaar op, zowel 
zakelijk als privé. Bedankt!
Beste mannen van 3D lab,
Het is fantastisch om te zien dat jullie met zoveel enthousiasme ‘kliniek en onderzoek’ 
combineren. Menig collega komt dan ook graag buurten of een patiënt bij jullie voorbereiden in 
het 3D lab. Tussen de bedrijven door kunnen jullie bijna volledig je eigen gang gaan, waardoor 
jullie de staf en ook professor Bergé keer op keer weten te verbazen met high-tech 3D snufjes! 
Ga zo door!
Lieve ‘dames van C40’,
‘Sjoggen’, ‘de medische term van de dag’, ‘welgeschapen belhamels’, en heel hard werken om 
congressen te organiseren, een tweede en/of derde studie te voltooien, een grant binnen te 
slepen of te promoveren. Dat zijn zo wat dingen die ons bezighouden! Bedankt voor jullie steun, 
het doorlezen en bekritiseren van mijn stukken! Ben blij dat we elkaar van tijd tot tijd ook in 
leuke restaurantjes treffen!
Geachte patiënten,
Hartelijk dank voor uw instemming en medewerking aan het 3D onderzoek. Zonder u is het 
merendeel van het 3D onderzoek niet mogelijk. Mevrouw Albers, hartelijk dank dat ik u mocht 
gebruiken als patiëntmodel voor de kaft van dit proefschrift.
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Lieve vrienden en familie,
Men zegt wel eens dat ‘je geleefd wordt’ als je in opleiding bent tot specialist. Moet je nagaan 
hoe dat is, als je daarnaast ook promoveert. Ik hoop de komende maanden de geleden schade 
te kunnen inhalen. Bedankt voor jullie begrip!
Lieve dames van Catoo:
Reeds 16 jaar als dispuut verenigd, hebben we al menig life-event van elkaar meegemaakt! Zo 
ook vandaag weer eentje. Verspreid over het land krijgen we het toch voor elkaar om met enige 
regelmaat met zijn allen bij elkaar te komen. Laten we dat nog lang volhouden!
Lieve Kath,
Jouw bijdrage heeft letterlijk het drukken van dit boekje mogelijk gemaakt! Bedankt! Ik vind het 
geweldig hoe je het moederschap combineert met je passie voor het zeilen Ik hoop dat nu er 
van mijn kant iets meer ruimte komt voor vrije tijd, zodat ook wij nog vele dagen op het water 
door kunnen brengen!
Lieve Jet,
Vandaag is voor jou een bijzondere dag: Joost, je oudste zoon is vandaag op zijn vierde 
verjaardag voor het eerst naar school geweest, het begin van zijn ‘carrière’. Felicitaties zijn dus 
ook voor jou op zijn plek. Ik heb veel bewondering voor je en voor je analyserend, relativerend 
en zelfherstellend vermogen. Dat maakt je een enorm sterke en bijzondere vrouw. Ik ben dan 
ook zeer vereerd dat je me vandaag wilt steunen als paranimf. Mijn dank is groot. Ik hoop je 
snel met al je mannen uit te kunnen nodigen op ‘onze’ boot!
Lieve Papa,
Mama zou zeggen dat je zo trots zou zijn. En ik weet precies hoe je zou kijken. De afgelopen 
jaren heb ik regelmatig momenten gehad dat ik met je had willen bomen over tandheelkunde, 
zeilen, patiëntenzorg, go lfen ..noem  het maar op. Helaas heb je het allemaal niet geweten, dat 
ik toch in jouw voetsporen ben getreden. Net als op alle andere life-events van de afgelopen 13 
jaar, hoop ik dat je stiekem meekijkt en geniet.
Lieve Mama,
Door het verlies van papa, zijn we de afgelopen jaren sterk naar elkaar toegegroeid. 
Verscheidene vakanties, stedentripjes, rondjes van 9 holes en avondjes ‘vergeten’ flessen, veel 
te dure en bijna zure wijn drinken, liggen daar aan ten grondslag. Op zulke momenten hebben 
we ook regelmatig over ‘onderzoek doen’ gesproken. Zelf mocht jij op 11 november 1980 je 
thesis verdedigen. Ik kan me de dag goed herinneren: ik mocht namelijk niet bij de verdediging 
aanwezig zijn van de decaan: stel je voor dat ik zou gaan huilen en moeder afgeleid zou raken. 
Wel kan ik me herinneren dat ik regelmatig bij je op je studeerkamer zat te spelen, zoals je in 
mijn exemplaar van jouw thesis hebt geschreven. Ik voel me zeer vereerd dat je als paranimf 
wilt optreden en ben blij dat ook jij het geluk weer hebt gevonden! Tot in Pescia!
Dokter de Wolf, Lieve Maarten,
Samen op C30, samen studeren voor het basisexamen, samen op congres en specialiseren in 
Nijmegen en Arnhem. Samen zeilen, golfen, dansen en reizen maken naar de andere kant van 
de wereld. Dankzij de vele avondjes doorpezen kunnen we ook onze thesis samen afronden! 
Fantastisch! People come into your life for a reason, a season or a lifetime. Na één ‘season’ heb 
ik al genoeg ‘reason’ om te geloven dat je voor een ‘lifetime’ bent gekomen.
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